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ABSTRACT

FINITE ELEMENT INVESTIGATION OF MECHANICAL INTERACTON OF
DENTAL IMPLANTS WITH BONE

Eser, AtIm
M.S., Department of Mechanical Engineering,
Supervisor: Assist. Prof. Dr. Ergin TOnUk
Co-Supervisor: Assoc. Prof. Dr. K vang Akca

July 2007, 116 pages

During the last years, biomechanics, the undersigndf the very complex
mechanical behavior of living tissues, becomesrg waportant field of research of
the wide branch of mechanics. This study is vergartant, for instance, to improve
the design of implants, with the important sociad conomical impact.

One of the important challenges in implant desgtoimodel the complex material
behavior of the bone. Remodeling of the bone du¢h&loading is one of the
essential behaviors of the bone which can causeéhtodental implants, marginal

bone loss occurring particularly in the first yeafgunction.

On the other hand the finite element method (FERY become the most extended
tool for engineers to analyze the mechanical bemnaof the products which usually

have a complex material behavior and complicatesngries.

The aim of this study is to model the remodelingpax@or of the bone using FEM
and to use the new bone material method to evalatemplant performance for

some commercial implants, taking account of thesbaataptation.

Keywords: Bone remodeling, finite element analyls@ae density, oral implant.



Oz

DENTAL MPLANTLARIN KEM KLE MEKAN KETK LESM N N SONLU
ELEMANLAR YONTEM KULLANILARAK ARA TIRILMASI

Eser, Atlm
Yiksek Lisans, Makina MuhendisiiBolimu
Tez Yoneticisi: Yrd. Dog. Dr. Ergin TOnlk
Tez Yoneticisi Yard mc s : Dog. Dr. K vang Akca

Temmuz 2007, 116 sayfa

Biyomekanik, yaayan dokular n karm& mekanik davranlar n arat ran bir bilim
daldr. Son yllarda genel mekanik icinde ¢cok Ofiebr aratrma dal olmaya
balam tr. Biyomekanik 6zellikle implant tasar mlar n egormanslar n ekonomik

ve sosyal etkilerini hesaba katarak art r Imas ok onemlidir.

mplant tasar m ndaki 6nemli noktalardan birisi keimi karma k malzeme
Ozelli inin do ru bir ekilde tan mlanabilmesidir. Dental implant uyguldananda,
kemi in belli bir yik alt ndaki adaptasyonu, implant wjgmas nn ilk y llar nda
a r kemik erimesine yol acabilmektedir.

Di er taraftan sonlu elemanlar analizi, mihendislergok gelimi araclar sunarak,
karma k malzeme 6zelline ve geometriye sahip, kompleks mekanik probleimle

incelenmesinde yayg n biekilde kullan Imaktad r.

Bu c¢al ma, kemiin yeniden bicimlenmesi davram n sonlu elemanlar yontemi
kullan larak modellenmesi ve piyasadaki baz implage itlerinin kemik

bicimlenmesine etkilerinin derlendiriimesini amaglamaktad r.

Anahtar Kelimeler: Kemik bigcimlenmesi, sonlu eledaaranalizi, kemik younlu u,

dental implant.
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CHAPTER 1

INTRODUCTION

The increasing human average life expectation hadgeing of the society increase
the demand of dental implantation all over the doiDental implant design is
becoming more and more important and differenttineats, different prosthesis
designs: shapes, dimensions, surface roughnesstiaabr methods of fixation are
investigated intensively especially during the léslv years. The possibility of
testing the implant designs is always a challengirblem. The in-vivo and in-vitro

experiments are hard to perform and very expensive.

For all of these reasons, it is very interestingt tthe possibility of performing
accurate computational simulations that allow d@esiengineers to analyze and
compare different implant designs. Furthermores thomputational approach
reduces the cost and danger of other testing puwesd Computational approach
makes it also possible to achieve a certain indzidation since the organ geometry
and part of the material properties can be persmthby means of medical imaging
techniques and material properties correlation.

After this first step, mathematical models that dme the behavior of bone tissue
allow to predict bone morphogenesis and adaptamsed by altered load histories
and prosthetic implantation, having become an é¢sdeaool in prosthesis design.
The main aim of this study is to implement the boe@odeling theory into a dental
implant-bone interaction problem. Although theree anany implementations of
mathematical models of bone remodeling in femursiresis, implementations of

bone remodeling in dental implants are very rargenature.

With this objective in mind, in the first part ohis work, the bone biological
behavior is briefly explained. In the next secti@nreview of the most important
remodeling models is performed, explaining moresesively the Stanford’s model.
In the next section, a simple implementation of temodeling theory to an axi-
symmetric dental implant-bone takes place. In "@stion, several computational

examples of different bone physiologies are ingaséd. In the next section a three-



dimensional model of two commercial implants aredeled and the performance of
the implants are investigated by using the remadebf the bone around the
implants. Finally, several relevant conclusionsdisgussed in the last section of this

study.



CHAPTER 2

PREVIOUS STUDIES ON REMODELING OF THE
BONE AND FINITE ELEMENT APPLICATIONS ON
IMPLANT DENTISTRY

2.1 REMODELING OF BONE

Bone is formed by the production of a soft protsamtaining collagen. This hardens
when minerals, especially calcium, are depositedt.dBone strength is mostly due
to calcium. Although many systems in our body nealdium to function properly,

most of the calcium is found in bones and teeth.

Bones are living, growing tissues. During one’gtlihe, bone is constantly being
renewed. The old bone is removed and the new I®ied down. This process is
called bone remodeling. There are two phases smptiaicess:

Resorption: Cells called osteoclasts dissolve stisgie on the bone's surface,
creating a small cavity. This process usually tgkase over a few days.

Formation/Apposition: Cells called osteoblaststhié cavities with new bone. This
process takes place over a few months.

Factors such as hormones, calcium and exercisaftest the cells on the surface of
the bone and trigger the remodeling cycle.



2.1.1 INFLUENCES OF MECHANICAL STIMULI ON BONE
REMODELING

The relationship between the mass and form of & bonhe forces applied was first
appreciated by Galileo (1638). However theorieshofv mechanical stimulus
affected bone adaptation begin about the time thmerican Civil War was ending.

In the second half of the TdCentury, a German anatomist von Meyer and a Swiss
engineer named Culmann publish their works whicimagv known as trajectorial
theory of trabecular bone structure and have a lgsiomn which states that
trabeculate are oriented along the principle stdggestion. Note that in this work no
attempt is made to state that the creation of tulbe structure is influenced by
mechanical stimulus; only that trabecular strucegems to coincide with principle
stress directions.

After this first effort of understanding the effext the mechanical stimuli on bone
remodeling, Wolff published his works in 1892 onnboremodeling. Wolff
postulated not only that trabeculate were alignétl principle stress directions, but
that the orientation of trabeculate could changdefe was a change in mechanical
stress directions. Wolff based his theories onetidence of trabecular structure of
post-fracture as shown below:



Figure 2.1.1-1 Wolf's Preliminary Studies [Adoptedfrom: Wolff, J., Das Gesetz
der Transformation der Knochen , Hirschwald, Berlin, 1892.]

It can be seen that it looks as though trabecuwd#tems have changed in response to
what must be altered loading. Wolff also suggeshed bone adapted optimally to
changes in stress, seeking to minimize mass toy daad. Wolff organized the
growth response of living bone to mechanical strede a specific law that

subsequently has become known as "Wolff's Law".filgdaw states that:

"Every change in the form and the function of adam of their function
alone is followed by certain definite changes iaitinternal architecture and
equally definite secondary alterations in their eemél confirmation, in

accordance with mathematical laws"

At this point people still had no idea about howndds adapted with respect to
mechanical stimulus. The earliest efforts about bowe is adapted with mechanical
stimulus belongs to Roux, a German surgeon, whgesigd that cells within the

bone could sense and respond to mechanical sitessoncludes that the apposition
and resorption by cells determines change in bomuetsre and cell based apposition
and resorption regulated by value of local stréssuk, 1881)

In the first half of the 2B Century, an American anatomist at Johns Hopkins
University named Koch performs a stress analysisthef proximal femur and
compares shear stress to density and trabeculactidins with principle stress



directions. He confirms Wolff's findings and furthaotes that bone density is

highest in areas of highest shear stress (Kocl)191

Till to 1930’s, there is no experimental work tgpaort the theories. The first of such
an attempt was generated by Glucksman workingenStnangeways laboratories at
Cambridge in the late 1930's and early 1940's (Glman, 1939). Glucksman
developed organ cultures of chick embryo limbs andnged them so that when
they grew they were constrained and developed bgridads. He notes that areas in
which he thought high tensile loads were appliedesponded to areas of increased
ossification. As a result he determined that tensiresses promoted increased
ossification of fibrous tissue and histologicalusture of ossifying tissue aligned
along principle tensile stresses.

After this first experimental attempt to comparee ttheoretical models with
experimental data, Frost investigated physiologiecinanisms by which bone
structure is altered. He developed the foundatifmscurrent understanding of
physiological adaptation mechanisms. It was Frosb \irst theorized differences
between remodeling and modeling (which was resiatetst, but widely accepted
today) and also who theorized that the adolesdeziet®n could adapt differently to
mechanical stimuli than the adult skeleton (Frb8%5).

After those developments Carter (1981) examineniexperimental study that there
exists some range of strains that the bone do et any significant reaction to
remodel. A series of works which follow Carter’s tlkovas by Rubin and Lanyon
(1980) who led to similar conclusions as those aft€r. Rubin and Lanyon strain
gauged the cortical surfaces of many species ohasi Despite the differences in
species and bone, they found a remarkably narrowgeraof peak strains under
various activities, basically from 2000 to 3000 rostrain. This was in agreement
with the Carter’s works.

Rubin and Lanyon also performed a series of expgarimin turkey ulna in which
they surgically isolated the turkey ulna and agpbentrolled bending loads. In this
case, they control not only the strain magnitudehenbone, but also the number of
cycles of load to which they bone was subjectedatttmey found was that as few as
4 cycles of load per day were enough to maintameband that above 1800 cycles
of load per day did not stimulate significantlyeat#d bone adaptation.
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At this point Frost (1987) weighed in with his ttisa the Intermediary Organization
of the Skeleton. He postulated a different adamtatesponse for adolescent and
adult skeleton. Basically he said that the adoletsskeleton was considerably more
sensitive to mechanical stimulus because it hadhemsms of modeling and
remodeling. Since the adult skeleton could only adeh, its bone structure was
much less sensitive to mechanical stimulus. Intadio that Frost believed strains
above 4000 to 5000 microstrain would cause damagmy skeleton and lead to a
pathologic adaptation response involving both madednd remodeling. A graphical

representation of his ideas can be shown below:

Growing Bone

Bone Mass

Strain

ange in

- Mature Bone

Ch

02% 2%

Figure 2.1.1.1-2 The graphical representation of Fst's Studies on Remodeling
[Adopted from: Frost H.M. Bone “mass” and the “mechanostat” 1987]



2.1.1.1 Summary

Here is our current state of knowledge in bone tadem theory:

» State of bone (growth, healing, mature) determiite ability to respond to

mechanical strain.
» Mature bone may seek to exist within limited strange.

» Computational models have the ability to predigtialitatively” correct bone

structure distribution.
* Bone cells can respond directly to mechanicalirstr
Here are areas for future work:

1. Strain measured on cortical surface or comphbtedingle level solid continuum

models is not the same as that experienced byadadido hierarchical bone structure.

2. Specific relationships between strain and admptdor different states of bone
response have not been clearly delineated.

3. Nature of loads on bone are difficult to deteribut are necessary to fully
understand mechanics/adaptation.



2.1.2 MATHEMATICAL MODELS OF REMODELING

After 1980’s the numerical methods and numericaldusations become popular in
determining bone adaptation and many numericaltisolsl for bone adaptation
verify new mathematical theories of bone adaptativrpredict changes in bone
shape and density based on strain, stress or strangy density.

The first mathematical continuum model was studiedowin and Hegedus (1976).
Bone was considered as an elastic porous mediled filith an interstitial uid and
a relation between a real number characterizingotihee density evolution rate and
the difference between the actual strain and aeeée value of the strain as the
external stimulus was proposed. The basic equanderlying the theory is:

de 1
€ ot ae) A EBijkl © i « (Eqg. 2.1.2-1)

Where e is a measure of bone structure (typicallyebdensity), a, A and By are
remodeling tensors that must be determined expetaflg, and j is the

infinitesimal strain.

Using a specially written finite element code ahd aibove equation, Hart (1984)
reached the following conclusions:

1. Rate of change of bone volume fraction relatedrtrg
2. Constants difficult to determine;

3. Good qualitative results

4. Rigorous validation is not done.

A different approach to predict adaptation was psga by Fyhrie in 1986. In this
case, he postulated that bone was a self-optiminatgrial, adapting its orientation
and density in response to its stress/strain staybrie was able to show the
following relationship between bone density anéssr



1
T F B
£ P (Eq. 2.1.2-2)
2Qmax

Where F is a matrix of constants, is bone density, R« iS a measure of the bone
remodeling goal, and B is the coefficient from Hteucture function relationship.
Using the above relationships for different mawidg, Fyhrie was able to predict
bone density distributions in the femoral head kinto observed distributions:

Figure 2.1.2-1 Fyhrie’s predictions of density distbutions of the Femoral Head
[Adopted from: Carter D.R., Fyhrie DP, Whalen RT: Trabecular bone density
and loading history: regulation of connective tissa biology by mechanical
energy. J. Biomech 20:785-794, 1987].

Two isotropic models are the most employed in ftexdture. The first under the
direction of Huiskes (1987, 1989, 1992) assumes ttie variation of the Young’s

modulus is proportional to the difference betweles actual strain energy density
and a referential strain energy density. This stisius used for internal and external

remodeling.

The second model proposed by Carter and Beaupr®@,(1P990) establishes as
stimulus a certain effective stress (related to dtrain energy density), being the
apparent density related to this effective strédss allows also the combined

formulation of external and internal adaptation.
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In both models, the results obtained are very aimbeing almost indistinguishable

in internal remodeling.

These models, as mentioned, are isotropic, bt @lear that the heterogeneity of
trabecular bone is actually quite oriented, leadm@nisotropic continuum material
properties. Jacobs et al. (1994, 1997) developedrasotropic model based on
density adaptation and anisotropy reorientatiomgighe principle stresses as the
external stimulus, following the Wolff suggestiornl802). Bone responds
accommodating itself not only to the amplitude, higo to the directions of the
principle stresses, in such a way that the matenaleases its stiffness along
directions of overloading and decreases the elastidulus along directions of
underloading.

In the following, it will be briefly explained: Thésotropic model proposed by
Carter, Jacobs and Beaupre (1989, 1990, 1992, 1888%), which includes the
formulation of Huiskes and Weinans (1987, 1989,2)%%s a particular case and is
the basis of other anisotropic models like thatlatobs and the one proposed by
Doblare and Garcia (2001, 2002).

In late 1980’s Carter (1990) proposed a new matheatdheory of time-dependent
bone modeling and remodeling. He defines a concald daily tissue level stress

stimulus  as:

m /m

o, (Eq. 2.1.2-3)

Where nis the number of cycles of load type i is a true bone level effective
stress (a scalar quantity to represent the lotahsity of the stress in the mineralized
tissue) and the stress exponent m is an empiricadtant.

Carter (1987) point out that the above equation lmarwritten in terms of a daily

stress stimulus measured at continuum level,

m /m

b n (Eq. 2.1.2-4)

Where ; is a continuum level effective stress defined as

11



1/2

. 2EU (Eq. 2:E)

where E is the continuum average elastic modulas lans the continuum strain
energy density, and the stress exponent m is arrieaipconstant. The continuum
level effective stress represents the effectivesstrfor an “equivalent” material
having the same stiffness as bone but without theshor pores that exists in bone.
The continuum level representation is defined thhouhe following relations
(Carter, 1977):

P A (Eq. 2.1.2-6)

Where . is the density of the cortical bone (which wasuassd to be density of the

mineralized tissue) andis the apparent density (mineralized tissue masstqiat

tissue volume).

In this point it is assumed that the tissue lettedss stimuli is approximately equal to
a constant, which is called the attractor streigsudlis pas i.€. p IS approximately
equal to pas The term “attractor state” refers to the prineifitat many physical and
biological systems tend toward (or are attractedatd) certain target or attractor
states, although these states may never actualledshed. The actual state may
simply fluctuate around or drift toward the attmactstate and create a “near-
equilibrium” condition (Carter, 1987; Gibson, 1985)

Near the attractor state there is little net bormdeling, so that can be taken as

equal to s(attractor state density). From the above relatames can conclude:

U (Eq. 2.1.p-7
and from the above relations one can defipg K
Kuas (/1 ca)?? (Eq. 2.1.2-8)

Form the above relations one can conclude thai= pasi.€. the continuum level

stress stimulus is equal to the constant tissus &imulus.

Finally the tissue level remodeling error, e, ifired as:

12



(Eg. 2-B)

e b bas

By using Equation 2.1.2-9, the remodeling errorrespnts the difference between
the actual tissue level stress stimulus and theudislevel attractor state stress
stimulus. This error represents the driving foroe femodeling. The remodeling

error can be rewritten in terms of continuum lexasliables as:

e ./ ° I a? ws (Eq. 2.1.2-10)
or
e I ws’ as (Eq. 2.1.2-11)

by using the above two equations Carter (1990) rg¢@ean incremental, time

dependent remodeling theory as:

Cl ' b bas (Cl Cz ) 'Wl b bas Wl
c W, 0
r 2 b bas 1 b bas (Eq 212_12)
CS b bas O b bas W2
C4 ' b bas (Cl Cz ) 'Wl b bas W2

where r is the bone apposition-resorption ratem{day). ¢, ¢, ¢ and g are

empirical rate constants and a&nd w is the width of the central, normal activity
region. This equation can be used to calculatertite of bone apposition and
resorption. The graphical representation of théotl is presented in Figure 2.1.2-2.

13
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Figure 2.1.2-2 ldealized Piecewise Linear Rate Reian [Adopted From: G.S.
Beaupre, T.E. Orr, D.R. Carter, An approach for time-dependent bone
modeling and remodeling-theoretical development, Jdanal of Orthopedic
Research 8 (5) (1990) 551-651.].

This theory is an idealized relationship betweer tiate of bone apposition-
resorption and tissue stress stimulus. The empidoastants can be determined
experimentally for different bones and the aboVatien can be used to evaluate rate

of bone apposition- resorption.

The equation below represents a relation betweenralbe of bone apposition-

resorption and the rate of change of apparent gensi

where § is the bone surface area density ans the true density of the bone tissue

(which is assumed to be equal to the density ¢f fuineralized tissue).

The new density of the bone can be calculated |msvi

14



—tr S .t (Eq. 2.1.2-14)

where | is the initial density of the bone antlis the time step.

The second important theory in the literature & tiieory of Garcia (2002) which is
an anisotropic bone remodeling theory. This formoia has been presented by
Doblare and Garcia (2001, 2002) in previous woksntifying a “virtual” damage

in the general theory of continuum damage mechatties is understood as a
measure of the bone tissue porosity and not asctuwralanechanical damage, but
considering the directionality following the ideaggested by Cowin (1986, 1992)
for the fabric tensor. The undamaged material issiciered therefore as the ideal
situation of bone with null porosity and perfectgotropic. The process of bone
resorption has a direct correspondence with thesidal damage concept, since it
means increase of the void ratio, while, on thetr@awy, bone apposition produces
reduction of porosity or bone repair. This implieat, on the contrary to the standard
case of inert materials in which damage has alveagssitive evolution as a direct
corollary of the second law of thermodynamics, ifdamage—repair” theory, the
damage evolution may also be negative during thmaireprocess, due to the
provision of metabolic energy not considered inuaety mechanical model. From
this initial assumption, one performs a completmalge—repair model following the
anisotropic continuum damage theory of Cordebot @uderoff (1982). A damage

tensor D is proposed by the expression:

2 _
D 1 — JAH (Eq. 2.1.2-15)
with A an adjusting parameter that is obtained kartipularizing the general
anisotropic model to the isotropic case afdhe fabric tensor, that is considered as
normalized such that det H 1. This damage tensor characterizes the micrcisire
of the bone quantifying the porosity and the am@mt, by means of two

independent variables as the densignd the fabric tensor'H

In order to simplify the formulation used the intediate tensor H, remodeling
tensor, as the model internal variable. H is alipwéth the stress tensor therefore is a

2" order tensor. This tensor is directly relatedhe ¢amage tensor D and includes

15



both physical variables and H. Following again the idea of Cordebois and Siderof

(1982), one can de ne the effective stress in gmarsetry conserving form:
o HOP HOY (Eq. 2.1.2-16)

that, together with the energy identification

(.D) o e (Eq. 2.1.2-17)

lead to a locally orthotropic constitutive tensor osé principle directions of
orthotropy are aligned with the principle axes &k tdamage tensor D (or
equivalently of H and Bl and its principle values are expressed in terit$ and the
elasticity modulus of the ideal isotropic bone usghat are well established from
experimental tests (Jacobs, 1997; Hart, 1984; G&26@2). It can be proposed that
the evolution law of the remodeling tensor H is eatdd following the standard
steps normally employed in continuum damage meckanhich are: de nition of
the mechanical stimulus as the variable thermodyeeiy associated to the
remodeling tensor H, establishment of the remodebniteria in terms of the
mechanical stimulus and consideration of an asBeeidlow rule. With this, the
evolution law for the remodeling tensor H is finalyitten as (Garcia, 2002)

Resorption & 3 ke, —— PV
4tr H%JHWw
) (EX1.2-18)
Apposition Lﬁ— Jw
4tr H *JHW

For the details of the above equations refer to¢i@a2002).
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2.2 APPLICATION OF FINITE ELEMENT ANALYSIS IN
IMPLANT DENTISTRY

Finite element (FE) method is extensively used talyge the biomechanical
performance of various dental implant designs a$ agethe effect of clinical factors
on implant success. A key factor for the succesaifure of a dental implant is the
manner in which load are transferred to the sumownbone. Load transfer from
implants to surrounding bone depends on the:

1. type of loading,

2. the bone—implant interface,

3. the geometry of the implant (i. e. the length aradreter of the implant),
4. the shape and characteristics of the implant seyfac

5. the prosthesis type, and,

6. the quantity and quality of the surrounding bone.

FE analysis allows researchers to predict stregsldison in the interface of the
implants with cortical bone and around the apethefimplants in trabecular bone.

One can examine the literature on finite elementiegons in dental implants in

three different groups:
1. bone implant interface
2. implant prosthesis connection
3. multiple implant prosthesis

As the scope of this study is concentrated morehenbbne remodeling and bone
implant interface, the literature from the implambsthesis connection and multiple
implant prosthesis is not represented.

17



2.2.1 BONE IMPLANT INTERFACE

Analyzing force transfer at the bone—implant integfas an essential step in the
overall analysis of loading, which determines thecgss or failure of an implant. It
has long been recognized that both implant and lstwelld be stressed within a
certain range for physiologic homeostasis. Overload cause bone resorption or
fatigue failure of the implant, whereas underloadafighe bone may lead to disuse
atrophy and subsequent bone loss (Pilliar, 1991jarmourt, 1996) With the use of
load cells in rabbit calvaria, Hassler (1977) showed the target compressive stress
level for maximum bone growth occurs at 1.8 MPaglking off to a control level at
2.8 MPa. Skalak (1983) stated that close apposdfdmone to the titanium implant
surface means that under loading, the interfaceesiag a unit without any relative
motion; this is essential for the transmissionasd from the implant to the bone at
all parts of the interface. In centric loading, sl FEA studies [Ma, 1998; Clift,
1992; Geng, 1999) of osseointegrated implants detraiasthat when maximum
stress is located in cortical bone, it is in thatect area with the implant, and when
the maximum stress is in trabecular bone, it ocatwsind the apex of the implant. In
cortical bone, stress dissipation is restrictedh®s immediate area surrounding the
implant; in trabecular bone, a fairly broader diststress distribution occurs.

FEA can simulate the interaction phenomena amondamtg and the surrounding
tissues. Analysis of the functional adaptation pssce facilitated by the ability to
investigate the various loading, implant, and sumcbng tissue variables. Most of
the efforts have been directed at optimizing implgeometry to maintain the

beneficial stress level in a variety of loadingremgos.
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2.2.1.1 Loading

When applying FEA to dental implants, it is impottéam consider not only axial
loads and horizontal forces (moment-causing lodud) also a combined load
(obliqgue occlusal force) because the latter remptesemore realistic occlusal
directions and, for a given force, will cause thghlst localized stress in cortical
bone (Holmgren, 1998). Barbier et al. (1998) ingzded the influence of axial and
nonaxial occlusal loads on the bone remodeling pimema around IMZ implants in
a dog mandible simulated with FEA. A strong cottiela between the calculated
stress distributions in the surrounding bone tissue the remodeling phenomena in
the comparative animal model was observed. The esittuncluded that the highest
bone remodeling events coincide with the region$ighest equivalent stress and
that the major remodeling differences between aamd non-axial loading are
determined largely by the horizontal stress compbidé the engendered stresses.
The importance of avoiding or minimizing horizontaads thus was emphasized.
Zhang and Chen (1998) compared time dependentnigadith static loading in
three-dimensional FEA models with a range of déférelastic modulus for the
implant. Their results showed that, compared with $tatic load models, the time
depending load model resulted in higher maximunesstrat the bone—implant
interface as well as a greater effect on stressslevieen elastic modulus was varied.

In summary, both static and time depending loadihgnplants have been modeled
with FEA. In static load studies, it is necessaryrclude oblique occlusal forces to
achieve more realistic modeling. Most studies aaaelthat excessive horizontal
force should be avoided. The effects of time depahdoading require further

investigation.
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2.2.1.2 Prosthesis and Implant Material Properties

High-rigidity prostheses are recommended becausaiske of low elastic modulus
alloys for the superstructure results in largeesses at the bone—implant interface on
the loading side than the use of a rigid alloy &osuperstructure with the same
geometry (Benzing, 1995). Stegariou et al (199&duhree-dimensional FEA to
assess stress distribution in bone, implant, andtnadnt when a green alloy,
porcelain, or resin (acrylic or composite) was ugmda three-unit prosthesis. In
almost all situations, stress in the bone—implaterface with the resin prostheses
was similar to or higher than that in the modelshwibhe other two prosthetic
materials. However, in his classical mechanical amlySkalak (1983) stated that
the presence of a resilient element in an implaonstpesis superstructure would
reduce the high load rates that occur when occludimexpectedly on a hard object.
For this reason, he suggested the use of acrydim teeth. Nevertheless, several
other studies (Hobkirk, 1992; Cibirka, 1992) coulst demonstrate any significant
differences in the force absorption quotient ofegreporcelain, or resin prostheses.
The elastic modulus of different implant materidlave also influence on the
implant—bone interface. Implant materials with fow modulus are to be avoided,;
Hansson et al (1999) suggested that implant magdrale a modulus of elasticity of
at least 110 GPa. Rieger et al (1989) indicated shatated geometry led to high-
stress concentrations at the tips of the bony mtgroand near the neck of the
implant. Low modulus of elasticity emphasized thesencentrations. The
nontapered, screw-type geometry showed high-str@sseatrations at the base of
the implant when high modulus was modelled and an#dwk of the implant when
low modulus was modelled. The authors concluded thdapered endosseous
implant with a high elastic modulus would be mostahle for dental implantology.
However, the design must not cause high-stress ctratiens, which commonly
lead to bone resorption, at the implant neck. $toifi988) reported that in the
construction of an appropriate screw implant, speti@ntion must be paid to the
rigidity of the implant rather than to thread desig

20



In summary, although the effect of prosthesis nmtgoroperties is still being
debated, it is well established that implant matepi@perties greatly affect the
location of stress concentrations at the implantebaterface.
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2.2.1.3 Implant Geometry: Length, Diameter and Shape

Large implant diameters provide more favorablesstiistributions (Mailath, 1989;
Matsushita, 1990). FEA has been used to show tresssts in cortical bone decrease
as the implant diameter increase with both vertanad lateral loads (Matsushita,
1990). However, Holmgren et al (1998) showed thatgusive widest diameter
implant is not necessarily the best choice whersidening stress distribution to
surrounding bone; within certain morphologic limigs optimum dental implant size
exists for decreasing the stress magnitudes didhe—implant interface. In general,
the use of short implants has not been recommebédeduse it is believed that
occlusal forces must be distributed over a largplamt area for the bone to be
preserved. In a recent study of Himmlova et al.0@0the computations of stress
arising in the implant bed were made with finitensdat analysis, using three-
dimensional computer models. The models simulateglants placed in vertical
positions in the molar region of the mandible. Adabsimulating an implant with a
diameter of 3.6 mm and lengths of 8 mm, 10 mm, 12 ® mm, 16 mm, 17 mm,
and 18 mm was developed to investigate the infleesicthe length factor. The
influence of different diameters was modeled usmglants with a length of 12 mm
and diameters of 2.9 mm, 3.6 mm, 4.2 mm, 5.0 m&ntm, 6.0 mm, and 6.5 mm.
The masticatory load was simulated using an avemaggicatory force in a natural
direction, oblique to the occlusal plane. Valueyai Mises equivalent stress at the
implant-bone interface were computed using thetefirelement analysis for all
variations. Values for the three most stressed elesnef each variation were
averaged and expressed in percent of values cothfuteeference (100%), which
was the stress magnitude for the implant with a leodtl2 mm and diameter of 3.6
mm. According to this study, maximum stress area® Wmrated around the implant
neck. The decrease in stress was the greatest (Blo5%nplants with a diameter
ranging from of 3.6 mm to 4.2 mm. Further streskiotion for the 5.0 mm implant
was only 16.4%. An increase in the implant lengtlo déxd to a decrease in the
maximum von Mises equivalent stress values; th&uente of implant length,

however, was not as pronounced as that of implametir.
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Lum (1991) has shown that occlusal forces are Higted primarily to the crestal
bone rather than evenly throughout the entire sarfxea of the implant interface.
Because masticatory forces are light and fleetihgse forces are normally well-
tolerated by the bone. It is the bruxing forces thast be adequately attenuated, and
this may be achieved by increasing the diameterramdber of implants. A recent
clinical study concluded that short implants aresgiole when the peri-implant
tissues are in good condition (Stellingsma, 200®summary, the optimum length
and diameter necessary for long-term success defmenthe bone support condition.
If the bone is in normal condition, length and deden appear not to be significant
factors for implant success. However, if the bonedd¢@m is poor, large diameter
implants are advised and short implants shouldvoégdad. With regard to implant
shape, theoretical analysis implies that clinicalibhenever possible, an optimum
and not necessarily larger dental implant shapeldhme used based on the specific
morphologic limitations of the mandible. Holmgren at (1989) reported that a
stepped cylindrical design for press-fit situatiolss most desirable from the
standpoint of stress distribution to surroundingéad/ith the use of FEA to analyze
a parasaggital model digitized from a CT-genergiatient data set, these authors
simulated various single-teeth, two-dimensionaleossegrated dental implant
models. The results suggested that stress is mem@yedistributed throughout the
stepped cylindrical implant than the straight inmplaype. After analyzing stress
concentration patterns using FEA, Rieger et al 9)9&ncluded that a tapered
endosseous implant with a high elastic modulus wbeldnost suitable. Also using
FEA, Mailath et al (1989) compared cylindrical aswhical implant shapes exposed
to physiologic stresses and examined the occurrehstress concentrations at the
site of implant entry into bone. They reported tltindrical implants were
preferable to conical implant shapes. Siegele awmdte& (1989) compared
cylindrical, conical, stepped, screw, and hollow mgtical implant shapes by means
of FEA. Both a fixed bond (simulating complete loa@nsfer with bioactive
materials) and a pure contact (only compressionsfea with bioinert materials)
without friction between implant and bone were comed as the interface
conditions. The results demonstrated that differeypiant shapes lead to significant
variations in stress distributions in bone. Thehatd stated that implant surfaces
with very small radii of curvature (conical) or geetric discontinuities (stepped)
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induce distinctly higher stresses than smoothepeshdcylindrical, screw-shaped).
Moreover, a fixed bond between implant and bonénérhedullary region (as may
be obtained with a bioactive coating) is advantagdor the stress delivered to bone
because it produces a more uniform stress disivibiihan does a pure contact. Patra
et al (1998) reported that the tapered thread desigthe Branemark implant
exhibited higher stress levels in bone than thelfdrprofile thread of the BUD
implant (BUD Medical Devices, Inc, NY, USA), which seenmtedlistribute stresses
more evenly. Clift et al (1995) reported that thedification of the standard implant
design to include a flexible central post resulte@d decrease in the maximum von
Misses stresses and equivalent strains in canseliooe. It was postulated that this
would reduce the likelihood of bone fatigue failaned subsequent bone resorption.
Optimum implant shape is related to the bone caitatnd implant material
properties. Implant designs have adopted varioaped) FEA seems to indicate that
for commercially pure titanium (cpTi) implants, sotber profiles engender lower
stress concentrations. One of the latest reseat abplant thread type and thread
size is carried out in the studies of the Hanssama\Wderkeb (2003). It was found
that the shape of the thread profile has a profaffett upon the magnitude of the
stresses in the bone and that very small threadsfa¥orable profile can be quite

effective. The conclusion for this study is asduoik:

1. The profile of the thread affects the magnitudehef stress peaks in the

bone and the capacity of the implant to resistdoad

2. Providing that the profile is favorable threadssofall dimensions are

quite effective.
3. Small top radius of curvature/thread depth ratiosusd be avoided.

4. A straight part at the bottom of the thread is foost thread profiles

unfavorable.

5. A big radius of curvature at the bottom of the #uas for most thread

profiles unfavorable.

The optimal thread design to achieve the best lwadsfer characteristics is the
subject of current investigations. Implant surfateicture bioactive materials are

used as coating on titanium implants because theg bhe potential to encourage
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bone growth up to the surface of the implant (Oonis890). It is claimed that these
coatings can produce a fully integrated interfadgh wirect bonding between bone
and the implant material, leading to a more evandier of load to the bone along
the implant and thus a reduction in stress conagatrs (Siegele, 1989). Meijer et al
(1995) investigated the influence of a three-lafjexible coating of polyactive on
bone stress distribution with the use of a threeedisional FEA in a mandibular
model. Polyactive is a system of poly (ethylenedeXipoly (butylene terephthalate)
segmented copolymers with bone-bonding capacitythi case of sagittal and
transversal loading, the use of a Polyactive cgatieduced both the minimum
principle stress in the bone and the compressidalratress at the bone—implant
interface. However, it raised the maximum principie gensile radial stresses. In the
case of vertical loading, the application of a iltd& coating reduced the compressive
radial stress at the bone—implant interface ardahacheck of the implant by a factor

of 6.6 and the tensile radial stress by a fact&@.6f

Variations in composition and thickness of the cwatdid not affect the results

significantly. There are two types of contact at Hme—implant interface: bone—
implant contact and fibrous tissue—implant contddéte clinical concept of fibrous

encapsulation of an implant is considered to bailarg; this condition is no longer

modelled in FEA studies. Surrounding bone qualityl ajuantity the long-term

clinical performance of a dental implant is dependen the preservation of good
quality bone surrounding the implant and a soundriace between the bone and
biomaterial. Good quality bone is itself dependemttlee appropriate level of bone
remodeling necessary to maintain the bone density the avoidance of bone
microfracture and failure. Both processes are gwarby the stress and strain
distribution in the bone. The crestal bone reg®fi particular interest because of
the observations of progressive bone resorptioncé&ation). Crestal bone loss is
observed around various designs of dental implaktgossible cause of this bone
loss is related to the low stresses acting on pavlant bone. On the basis of
histological examination and FEA results (Vaillandpd996), an equivalent stress
of 1.6 MPa has been deemed sufficient to avoida@krbsne loss from disuse atrophy
in the canine mandibular premolar region. Wiskattl 8elser (1999) studied the
relationship between the stresses applied and bomedstasis of different implant

neck designs. It has been observed that the pdliskek of dental implants does not
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osseointegrate as do textured surfaces. Lack ebogsgration was postulated to be
due to increased pressure on the osseous bed dumipdant placement,
establishment of a physiologic “biologic width,”ress shielding, and lack of
adequate biomechanical coupling between the loadrAgeanplant surface and the
surrounding bone. Any viable osseous structureydinf the tissue that surrounds
the polished implant neck) is subjected to periodltases of resorption and
formation. Hansson (1999) compared implants withaimmecks to implants with
retention elements all the way up to the crest. HE#\ study found that retention
elements at the implant neck resulted in a majaredese in peak interfacial shear
stresses. He suggests that these retention eleatghtsimplant neck will counteract
marginal bone resorption in accordance with Wolis.

For the Screw-Vent implant, Clelland et al (1991)webd that under axial loading,
mesial and distal stresses were much lower than thoseal and lingual to the
implant. Maximum stress in the bone was linguah® guperior portion of the collar.
Previous longitudinal radiographic studies of aiEimimplant revealed bone loss
mesial and distal to the implant. The authors ersild that the clinical significance
of the stress transfer to the bone buccal and &htu the implant had yet to be
determined. Minimum required load for avoidancecodstal bone loss appears to
have been defined (Young, 1998; Clelland, 1993; @adlai, 1993), but the upper
limit of the physiologic stress range has not ye¢rbinvestigated. The quality and
qguantity of the surrounding bone influences thealltransfer from implant to bone
(Clift, 1992; Lum, 1992). In almost all FEA studies$ titanium implants, stress
concentrations occur around the implant neck. Unalgique loads with high
occlusal stress magnitudes, the elastic limit afidogurrounding implants may be
surpassed and lead to microfractures in the cortiwme. Clift et al (1992)
emphasized the importance of having good qualitysdebone around the implant
neck that can withstand stresses in the rangetofl® MPa before loading. Fail to
achieve this after implantation and subsequentirgeahay result in local fatigue
failure and resorption at the neck on resumptiophyfsiologic loading (Clift, 1992).
Holmes and Loftus (1997) used FEA to examine thieemice of bone quality on the
transmission of occlusal forces for endosseous afleimplants. Placement of
implants in bone with greater thickness of theicaltshell and greater density of the

core resulted in less micromovement and reduceessstconcentration, thereby
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increasing the likelihood of fixture stabilizati@md tissue integration. With a three-
dimensional FEA model, Papavasiliou et al (1996)wstd that the absence of
cortical bone increased interfacial stresses atadtations studied. Clift et al (1992)
reported that a reduction, by a factor of 16, m ¢fastic modulus of the bone around
the neck of the implant produced only a two-foldu&iébn in the peak stress. Using
the degree of direct bone—implant interface asnalicator of endosseous implant
success appears to be misleading, as 100% bonsitam@pds almost never obtained
at the surface of the endosseous dental implaméstigating the three-dimensional
bone interface to hydroxyapatitecoated titaniunoyalimplants, Wadamoto et al
(1996) generated computer graphics by the integradf data for serial ground
surfaces obtained at 75 pm intervals of the tiddoek involved with the implant.
The authors found that the bone contact ratio ef winole surface of each of 3
implants was 80.8%, 68.1%, and 68.8%, and the bongct ratio for each direction
and portion varied with the conditions of implategement. The bone volume ratios
around the implant at the 0 to 300 um zone were eddculated, and total ratios
ranged from 58% to 81%. These results may proveggull quantitative information
about the bone structure around implants and dan#ito the development of more
realistic FEA models based on the biologic bonacstire around implants. Patra et
al (1998) modelled progressive bone loss and parsseointegration by both two-
and three- dimensional FEA. When 25%, 75%, and 1@3¥eointegration was
modelled, cortical bone was shown to carry most efitlad, with resulting overload
leading to crestal bone loss. Stress plots showatdwith increasing crestal bone
loss, the majority of the load was transferred diyeto the weaker trabecular bone
tissue. Clelland et al (1993) investigated a SD=s$ implant in various bone models
with different cancellous and cortical bone comais using two-dimensional FEA.
For the all cancellous bone model, low stresses tagd strains surrounded the
implant apex. For the models with a layer of caitibone added, higher crestal
stresses and lower apical strains were observedthidker layer of isotropic cortical
bone produced stresses at least 50% less thamitireett layer. The assumption of
transverse isotropy (orthotropy) for the corticanb layer increased stresses and
strains by approximately 25% compared with isotdmne. The authors concluded
that crestal cortical layer thickness and boneragpt have a substantial impact on

resultant stresses and strains.
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2.2.1.4 Summary

Load transmission and resultant stress distributi@nsignificant in determining the
success ofailure of an implant. Factors that influence tbadtransfer at the bone—
implant interface include theype of loading, implant and prosthesis material
properties, implant length and diameter, implahape, structure of the implant
surface, nature of thdone—implant interface, and quality and quantity tbé
surrounding bone. Of these biomechanical factomglant length, diameter, and
shape can behanged easily. Cortical and cancellous bone quaht quantity need

to be assessed clinically asbould influence implant selection.
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CHAPTER 3

MATERIAL AND METHODS

3.1 APPLICATION OF THE STANFORD THEORY

For the remodeling of bone around implants, theotheof Beaupre and Carter
(1990), so-called the Stanford theory, is sele@edhe mathematical model. The
rationale behind choosing this method was that teory is the most widely-

accepted mathematical model in literature for bogrmodeling and is one of the
simplest methods when considered for implementaticamcomputer program.

The theory is based on a daily stress stimulus hvisiclefined by

m /m

b Mo (Eq. 3.1-1)

Where nis the number of cycles of load type i which isuamsed to be 1 while the
load condition is unique for this study, andis a continuum level effective stress

defined as

2EU V2 (B1-2)
where E is the elastic modulus and U is the contingtnan energy density. The
level of the daily stress stimulus, determines the bone remodeling process. Under
normal loading conditions daily stress stimulus remains in a determined range

and bone remodeling does not occur. This rangaliscc“lazy”’ or “dead” zone by
Carter (Carter et al. 1989). The mathematical esgpo@ of the apposition, resorption
rate of the bone by taking account the “dead” zerdefined as

C bas CW b bas w
r 0 W s W (Eq. 3.1-3)
C bas CW b bas w
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wherer is the apposition-resorption ratenf/day), , is the daily tissue level stress
stimulus, ,, is the attractor state stress stimutus an empirical rate constant and

w is the half width of the central, normal activiggion (dead zone).

The attractor stress stimulus,,, is determined from the graph of cyclic energy

stress magnitude and equivalent cyclic normalrstragnitude versus the number of
cycles per day, as reported by Beaupre et al. (@eaet al. 1990b). The number of
daily load cycles and equivalent cyclic normal strased in the present study was
2778 and 200 , respectively. The strain magnitude implementethea computer
model was obtained from strain-gauge analysis lmfaal marginal cortical bone of
natural maxillary canines of human cadavers un&eN7oad (Cehreli et al. 2005).
Assuming the empirical constant, m, to be equdl tattractor state stress stimulus of
20 MPa/day was selected (Beaupre et al. 1990) nlingerical value of is assumed
to be 0.02 (m/day)/(MPa/day) and the value wfis assumed to be equal to the 10%
of the attractor stress stimulus (20 MPa) whicB Pa (Beaupre et al. 1990). The
initial elastic modulus and Poisson’s ratio for thaterials are presented in Table
3.1-1

After determining apposition-resorption ratan/day), the new density of the bone
can be calculated as follows:

S0t (Eq. 3.1-4)
where S, is the bone surface area per unit tissue volumas the true density of the

bone tissue (which is assumed to be equal to thsitgeof fully mineralized tissue)

and tis the time step. The constarfss and ,are selected to be 4 and 1.58 as in

Beaupre et al. (1990).

The density of the bone can be related to theielasidulus of the bone through the

equation:
E 3790 ° (Eq. 3.1-5)

Using the above relation the new elastic modulusheacalculated for each step. The
new elastic modulus is used for the next calcufatithe initial elastic modulus and
Poisson’s ratio for materials are represented blera.1-1.
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Table 3.1-1 Initial material properties

Material Elastic Modulus Poisson’s Ratio
Cortical Bone 15 GPa 0.3

Trabecular Bone 1 GPa 0.3

Titanium 110 GPa 0.3

The number of iterations for the time periods asengated using the convergence
criteria of the change in apparent density for gwdement to be less than 0.02 glcm
similar to Beaupre and co-workers (Beaupre et30) (30 iterations corresponds to
247.5 days), and for 3 months 11 iterations oftdinelement analyses were
performed. For the other time intervals numbersitefations were calculated

similarly, (22 for 6 months, 33 for 9 months andfdd12 months). In this sense, the
material properties of bone were updated (i.e. odated) considering the results of
the previous analyses by the program, Remodel.
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3.2 THE COMPUTER PROGRAM “REMODEL”

In order to implement the Stanford theory (Beaugtral. 1990a) to a finite element
simulation of bone remodeling, first the user sulire of the commercial finite
element program MSC.Marc (MSC.Marc-Mentat 2005, MS@ftware Corporation,
Los Angeles, California, USA), hypela was attempfBae usage of this subroutine
was limited and can not be used to assign differeaterial properties for each
element, so the in-house code Remodel was develogieg Delphi-7.

After the computation of the first finite elememadysis, Remodel was used to adapt
the code MSC.Marc to simulate the remodeling ofebdrhe program Remodel read
the input file of the finite element analysis whicbntained information about the
geometry, boundary conditions, the initial mater@bperties and output file
generated by the finite element analysis code M3tcMthat contained the
calculated stresses and strains. Using these iattomand Stanford theory for bone
remodeling, the code Remodel generated a new ifilpufor new finite element
analysis, which contained the information in theyiwus input file but the updated
material properties due to remodeling. This newdnearated input file was analyzed
again and the results were used to update theimeut file. The flowchart of the
code Remodel is presented in Figure 3.2-1.
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Figure 3.2-1 Flowchart of the code “Remodel’
The program Remodel also included an easy userfangewhich could be used to
change the parameters of the bone-remodeling mo(fégure 3.2-2).
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Figure 3.2-2 The user interface of the program “Reradel”.

By using the program Remodel, the convergenceriitehich was assumed to be
change in apparent density = 0.02 g/aould be redefined from the user interface of
the program that can be necessary in order to tak® account the personal
condition of each patient. The program also hadnem functions like the time
history of the elastic modulus, effective stresgual stress and apparent density of
any finite element or bone density for each tineement.
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3.3 AXI-SYMMETRIC ANALYSIS

For the first part of the study four different ayimmetric models were analyzed to
compare the bone remodeling phenomena in diffggleysiological bones. Although
this model was a very rough modeling of an implamte system, to have an insight
of the remodeling process it was very essentialstart the analysis with an
axisymmetric model. The analysis was assumed to cheied out after
osseontegration took place. This assumption magessible to connect the outer
nodes of the implant directly to the bone withoetiming any contact. This results in
much simpler and a linear analysis in a comparigtsfeorter computer time.

The variable in those models are the thicknessi®@bbne. For this task the cortical
bone thickness was assumed to be 1 mm, 0.5 mm amu @nd one with a 0.5 mm

lower trabecular bone.
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3.3.1 MODEL

The model is constructed using an implant of 3.8. Ror the simplicity of the axi-
symmetric model the implants are modeled withowtdts. In the beginning of the
analysis the cortical bone and trabecular bone vasseimed to be homogenous,
linear isotropic which is not the case in the teate structure. Four different models
with different bone structure were modeled: 1 mmmtical bone thickness (Fig.
3.3.1-1), 0.5 mm cortical bone thickness (Fig. B3), 0 mm cortical bone thickness
(Fig. 3.3.1-3), 0.5 mm lowered trabecular bone (Bi§.1-4).

MSC

coritcal
implant

trabecular

none ] | f

L

Figure 3.3.1-1 Axi-symmetric model with 1 mm cortial bone thickness

1
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trabecular
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Figure 3.3.1-2 Axi-symmetric model with 0.5 mm coital bone thickness

1

MSCX,
implant

trabecular

none

Figure 3.3.1-3 Axi-symmetric model without corticalbone

37



MSCH

implant
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L

Figure 3.3.1-4 Axi-symmetric model with lower (0.5mm loss) trabecular bone
While meshing the model the critical areas weresm®red and the mesh was finer

1

in those areas. The critical areas of the mode¢wssumed to be in the region of the
neck of the implant and the place where the fosapplied. After the analysis it was
observed that the stress gradient in those arees neally high which validated the

assumption.
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3.3.2 BOUNDARY CONDITIONS

The boundary conditions of the model were definedodlows: The whole model is

fixed in x and y directions on the outer nodes ltd bottom and on the side. A
vertical force of 75N is applied on the outer taea of the symmetry axis. As axi-
symmetry axis on the y-plane at y = 0 is definetbanatically by MSC.Marc, the

model is positioned in order to have the symmexiy & correct coordinates.

MSC
fxzed

force

Figure 3.3.2-1 Boundary Conditions
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3.3.3 RESULTS

While inspecting the results of the analysis theme some critical aspects that one
should take into account. First of all on the regidhat are nearer to the boundary
condition were not taken in to account. The redsothat was that there was a very
rough estimation of the forces and the fixed disptaents. The force was applied
only on one node on the implant which results vegy high stress on the element
that it is applied and which is not a good appration of the real case. Due to the
limitation of the code “Remodel”, the force wasyapplied on one node. Also the
displacement boundary conditions did not repredést real situation, a better

estimation could be modeling the whole mandibulaneéband fixing it by the real

muscles which are the real fixation of the mandibbbone.

Although the axi-symmetric model was a very simedif way of modeling the
implant and bone interactions, the bone remodeasingxpected to occur around the
implant that can be modeled in detail and accortinthe Saint Venant's principle
the stress distribution around the implant bonerfate, which is far away from the
boundary conditions is expected to be similar thrae-dimensional modelling of the
implant with the whole mandibular bone (Ugural, 200Modelling the whole
mandibular bone and using the muscle forces asdtrdary conditions will be time
consuming in modeling and computation and will bohg appreciable improvement

in the results of interest.

As a second critical point of inspection is thet fdrat there is a big difference in the
elastic modulus of the materials. While displaythg stresses, a stress value on a
node is calculated by using the elastic moduluthefevery neighboring elements.
This can cause to have an exaggerated value sEstspecially on the implant-bone
surface. As the implant has a high stiffness valu@ the bone has a smaller stiffness,
while displaying the result the implant is isolafeain the bone.

The analysis results are examined in five diffetene intervals. One was just after
the osseointegration, the others were as 3, 6, fd, B2 months after the
osseointegration. To simulate 3 month intervalméfg Beupre [18], 11 iterations
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were performed. For the other time zones 6, 9, @@ths numbers of iterations were
calculated 22, 33, and 44 respectively.

The following quantities were considered in thiglgsis:
- minimum principle stress
- maximum principle stress
- total strain energy
- total equivalent strain
- displacement of the bone
- average elastic modulus and bone density

As bone is a brittle material the principle streatues were the most appropriate
candidates to analyze the results. Normally thecafiareas were determined to be
the regions having the absolute maximum valueb@ptinciple stresses.

One of the efficient methods to analyze the prilecigiresses is first to understand
the deformation pattern. In the following figureetdeformation of the model for the
applied load is represented (Figure 3.3.3-1). lRer following figure “Spongiyos”

refers trabecular bone. The deformation magnitadedd times exaggerated in order

to see the deformation pattern more clearly.

In Figure 3.3.3.1 it can be easily recognized thatcortical bone behaves as it is a
cantilever beam supported at the outer region efldbne and the opposite edge
moves downward as the implant can move easily desigde the trabecular bone

while trabecular bone has a smaller elastic modatusipared to cortical bone.

Although this figure is obtained from the result bfmm cortical bone after 12

months, very similar behavior is observed for ttieecs.
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Figure 3.3.3-1: Deformation of 1mm cortical model #ier 12 months

By examining the results in detail the represemtgion below is selected for the
principle stress considerations as the maximuncpi@ stresses are appeared to be
in that region. (Figure 3.3.3-2)

L.

Figure 3.3.3-2 The region of interest for the priniple stress considerations.

Time dependent variation of principle stressedss ane of the most essential points
of this analysis. As the elastic modulus of the ebo@hanges with time, principle
stress values on the bone also vary in time. Oridlewing figures, the maximum
principle stress distribution on the bone can lsuafized for the model with 1 mm

cortical bone. (Figure 3.3.3-3) On those repres@mmtsithe stress scale is selected to
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be between 0.5 to 5 MPa for all different time tessto achieve a similar colored
visualization of the result. The color scale of tbowing figures is so that the light
grey represents the highest stress level. Yelloange, red, blue are the order from
the highest stress to the lowest. Those dark ggipmns are the regions where the
maximum principle stress is lower than 0.5 MPaadidition to that color scale the
result on the implant is not considered for thagarés so the implant is all green in

color.
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Figure 3.3.3-3 Time-dependent changes in maximum mciple stress
distributions around the model with 1 mm cortical thickness. (a. At
osseointegration-unloaded phase; b. At 3 months ¢dading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

From a detailed examination of the above figurtesamn be concluded that the region
of high stress is increasing after the osseointegrauring the one year period. Not
only the region of high stress is increasing thfotigne, but also the magnitude of
the maximum of the maximum principle stress is easting in time. (Figure 3.3.3-

11)

Following figures are from the result of the modath 0.5 mm cortical bone.
(Figure 3.3.3-4) Examining the result of this mgdetan be observed that the region
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of high stress is also increasing through time isimailar manner with the 1 mm

cortical bone model.
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Figure 3.3.3-4 Time-dependent changes in maximum mciple stress
distributions around the model with 0.5 mm cortical thickness. (a. At
osseointegration-unloaded phase; b. At 3 months ¢dading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

For the models without cortical bone and loweré@bar bone, those models behave
in a totally different manner comparing with the dats with cortical bone in
maximum principle stress distribution. The highess region is not concentrated in
one small portion of the bone like the models wibhtical bone but it is more evenly
distributed on the bone for the models without icattbone. The cortical bone is
much stiffer than the trabecular bone which cauke<ortical bone to carry higher
portion of the load itself in a quite narrow regidihen the load is carried from a
narrow region of bone a concentrated region ofsstapears for the models with
cortical bone.

Therefore on the figures for the models withouticat bone, the whole structure of
the bone implant system is considered. The chahg¢feecstress distribution and the
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change of the numeric values for those models arg small compared to the

models with the cortical bone.

According to the obtained maximum principle streshies the stress scale is set to
be between 0-0.5 MPa for the model without cortlmahe and model with 0.5 mm

lower trabecular bone.

Following figures are the principle maximum stressult for the model without

cortical bone. (Figure 3.3.3-5)
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Figure 3.3.3-5 Time-dependent changes in maximum pciple stress
distributions in model without cortical bone. (a. A osseointegration-unloaded
phase; b. At 3 months of loading; c. At 6 months adbading; d. At 9 months of
loading; e. At 12 months of loading.)

Detailed examination of the figures, one can caelthat, the region of high stress
is enlarged between the osseointegration and 3 haqwriod. After the 3 months
period, the high stress region gets smaller skgtitfough time. In a similar manner
the maximum of the maximum principle stress valae the same behavior in time.
(Figure 3.3.3-11)

Next figures are from the model with 0.5 mm lowebecular bone. (Figure 3.3.3-6)
The stress distribution behaves almost the samie thié¢ model without cortical
bone.
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Figure 3.3.3-6 Time-dependent changes in maximum pciple stress
distributions in model with 0.5 mm loss of trabecudr bone. (a. At
osseointegration-unloaded phase; b. At 3 months ddading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Minimum principle stress is also important for thiad of applications as the stress
state is mostly compressive for this type of vaitioading in such an implant bone
arrangement therefore the next parameter to exawilhbe the minimum principle

stress. While interpreting the figures, speciagratibn should be paid for the color
distribution. The dark grey color represents thesst region for the implants as the
stress on the implants is not of the concern of #gtudy. The color scale of the
following figures is so that the light grey repretethe lowest minimum principle

stress level. Yellow, orange, red, blue are thesoftbm the highest stress to the

lowest.

Following figures are the minimum principle stregsults for the model with 1 mm
cortical bone. (Figure 3.3.3-7) The maximum of theimum principle stress is
appeared to be on the bone which has the interaatith the neck of the implant,
outside of the bone where the implant and corticale meet. The area of the high
stress region is similar with the maximum principteess distribution, as in time the
area of the region of high stress level gets bigged also the maximum value of the
minimum principle stress increases in time (Figu&3-12).
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The stress scale is selected to be between -10 thiRaMPa from the achieved
results for the models with 1 mm and 0.5 mm coltimzne so that the figures for

these two models are easier to compare.
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(MPa) [ da Cc

Figure 3.3.3-7 Time-dependent changes in minimum piciple stress
distributions around the model with 1 mm cortical thickness. (a. At
osseointegration-unloaded phase; b. At 3 months ¢dading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Next figures are belonging to the model with 0.5 roattical thickness. (Figure
3.3.3-8) The similar behavior of enlarging of thghhstress region in time is also
examined for this model. Also the numerical valdgh® maximum of minimum

principle stress increases in time. (Figure 3.28-1
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Figure 3.3.3-8 Time-dependent changes in minimum piciple stress
distributions around the model with 0.5 mm cortical thickness. (a. At
osseointegration-unloaded phase; b. At 3 months ¢dading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Similar to the case of the maximum principle stréss models with no cortical bone
behave differently in stress distribution from timedels with cortical bone. As the
stress is more evenly distributed for the modelthavit cortical bone, the whole
structure of the bone is examined in the figurecamtrary of the models with
cortical bone.

Following figures are the minimum principle stréissm the model without cortical
bone. (Figure 3.3.3-9) Similar to the maximum piphe stress values, the region of
high stress is enlarged between the osseointegratid three months period. After
the three months period, the high stress regios gfatller slightly through time. In a
similar manner the maximum of the minimum princigleess value has the same
behavior in time. (Figure 3.3.3-12)

The stress scale is selected to be between -0.5thPaMPa from the achieved
results for the models without cortical bone ar®ifdm lower trabecular bone.
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Figure 3.3.3-9 Time-dependent changes in minimum piciple stress
distributions in model without cortical bone. (a. A osseointegration-unloaded
phase; b. At 3 months of loading; c. At 6 months dbading; d. At 9 months of
loading; e. At 12 months of loading.)

Next figures are the minimum principle stress dsiion for the model with a 0.5
mm lower trabecular bone (Figure 3.3.3-10). Theilambehavior with the model
without cortical bone is observed for the modehwit5 mm lower trabecular bone,
high stress region gets smaller between the odsgoation and 3 months period
after 3 months the high stress region gets largdrthe maximum of the minimum

stress level increases slightly in time. (Figui@ 3.12)
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Figure 3.3.3-10 Time-dependent changes in minimum ripciple stress
distributions in model with 0.5 mm loss of trabecur bone. (a. At
osseointegration-unloaded phase; b. At 3 months ¢dading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

On the following figures, the maximum of the maximmrinciple stress (Figure
3.3.3-11) and the maximum of the minimum princigtleess (Figure 3.3.3-12) values

are represented in time.
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W 0.5mm-cortical bone
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Figure 3.3.3-11 The maximum of maximum principle sess values for the four
models in one year period.
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Figure 3.3.3-12 The maximum of minimum principle stess values for the four
models in one year period.

Although for the models with cortical bone thereaissignificant increase in the
maximum of the maximum principle stress and the imam of the minimum
principle stress, for the models without corticanb, there is not a considerable

deviation in the results.

Another important parameter for this analysis todigcussed is the total strain
energy density, since this parameter is somehowatet! with the remodeling
equation. (Eqg.2.1-5) As a result, the total stemiergy density distribution represents
the regions where there is resorption and apposifilne regions with high total
strain energy density values, there is appositiothe bone and the regions with low
total strain energy values are the regions wheserption of the bone is expected.

On the following figure the total strain energy digy results for the model with 1
mm cortical bone. (Figure 3.3.3-13) To have a ciescy for all the different
models, the scale limits are selected to be 0.60@1 t/mn?. The high values of total
strain energy density are appeared to be on theng@n the outer surface of the
cortical bone where the implant and cortical bomersect, and the second region
where there are high values of total strain enagmgpeared to be on the regions where
the cortical bone, trabecular bone and the implaett. On the regions with
apposition, the elastic modulus and the densityhefbone increase with time on
contrary where there are low values of total steaiargy density, the density and the
elastic modulus of the bone decrease with time.
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Figure 3.3.3-13 The total strain energy distributiem around the implant for the

model with 1 mm cortical thickness. (a. At osseoiegration-unloaded phase; b.
At 3 months of loading; c. At 6 months of loadingd. At 9 months of loading; e.
At 12 months of loading.)

To verify the statement above, three elements thhelement number 100, 71 and
68 were selected on that region for the model Withhm cortical thickness and 0.5
mm cortical thickness (Figure 3.3.3-14). Those elet® were selected as the
candidates to verify that, the elastic modulushef €lements on the region of high
total strain energy is increased in time and fa ¢tement on the region with low
strain energy value, the elastic modulus is deeckas time. The change in time in
elastic modulus for those elements is representethe following figure. (Figure
3.3.3-15, Figure 3.3.3-16)
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Figure 3.3.3-14 Elements selected for the verifican of resorption and
apposition on the bone.
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Figure 3.3.3-15 Elastic modulus versus time elemen®©8, 71 and 100 for the
model with 1 mm cortical thickness
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Figure 3.3.3-16 Elastic modulus versus time element®t8, 71 and 100 for the
model with 0.5 mm cortical thickness

Although the increase of elastic modulus for therednt 68 in the model with 1 mm
cortical thickness is very low comparing with tlzere element in the model with 0.5
mm cortical thickness, the increase of elastic reddor the element 71 in the
model with 1 mm cortical thickness is very largenparing with the model with 0.5
mm cortical thickness. This is due to the differstmess distributions on the bone for

different cortical thicknesses.

On the following figure, the total strain energysu# for the model with 0.5 mm
cortical thickness is represented. (Figure 3.3.3-IThe higher values of total strain
energy are observed on the regions where the cutdace of the cortical bone
intersects with the implant and on the regions whbe implant, cortical bone and
trabecular bone intersect similar to the model Witinm cortical bone.
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Figure 3.3.3-17 The total strain energy distributiem around the implant for the
model with 0.5 mm cortical thickness. (a. At osseategration-unloaded phase;
b. At 3 months of loading; c. At 6 months of loadig; d. At 9 months of loading;
e. At 12 months of loading.)

For the models without cortical bone, the totahistrenergy is also more evenly
distributed comparing with the models with cortit@ne in the same manner with
the stress values. On the following figures (FigGr8.3-18, Figure 3.3.3-19), the
total strain energy distribution for the models twio cortical bone and 0.5 mm
lower trabecular bone are represented respectivighg higher values of strain
energy values for the models are observed on thiene where the bone and the

implant intersect.
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Figure 3.3.3-18 The total strain energy distributiem around the implant for the
model without cortical bone. (a. At osseointegratio-unloaded phase; b. At 3
months of loading; c. At 6 months of loading; d. AB months of loading; e. At 12
months of loading.)

U a
(EJ/mmS)
L | 0.0010
L | 0.0009
| | 0.0008
[ﬂ 0.0007
0.0006
0.0005 (j
0.0004
0.0003
0.0002
0.0001
0.0000

Figure 3.3.3-19: The total strain energy distributon around the implant for the
model with 0.5 mm lower trabecular bone. (a. At osintegration-unloaded
phase; b. At 3 months of loading; c. At 6 months dbading; d. At 9 months of
loading; e. At 12 months of loading.)
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Another parameter to be discussed is the maximgplatiement of the bone in time.
The maximum displacement is important in clinicense, as it represents the
maximum deformation of the bone under specific iogdOn the following graph
(Figure 3.3.3-20), the maximum displacement vafoeshe four models in time are

represented.
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Figure 3.3.3-20: Maximum displacement values for th four models in time.

For all the four different models there is an img® in maximum displacement in
time. As a result the overall stiffness of the Womendible decreases in time,
although some elements have a significant increaséastic modulus through time
and also there is a very slight increase in aveedastic modulus values in time for
the cortical bone. (Figure 3.3.3-21, Figure 3.33-As can be predicted the
maximum deformation is achieved for the model dith mm lower trabecular bone
and followed by the model with no cortical bones éam cortical bone and 1 mm

cortical bone.
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Figure 3.3.3-21: Average density of the cortical bee for the models with 1 mm
cortical thickness and 0.5 mm cortical thickness
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Figure 3.3.3-22: Average elastic modulus of the cical bone for the models
with 1 mm cortical thickness and 0.5 mm cortical tickness

For trabecular bone there is a small decreasastielmodulus and density values in
time. (Figure 3.3.3-23, Figure 3.3.3-24)
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Figure 3.3.3-23: Average density of the trabeculabone for the models with 1
mm cortical thickness, 0.5 mm cortical thickness, ithout cortical bone and 0.5
mm lower trabecular bone.
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Figure 3.3.3-24: Average elastic modulus of the tkeecular bone for the models
with 1 mm cortical thickness, 0.5 mm cortical thickess, without cortical bone
and 0.5 mm lower trabecular bone.
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3.3.4 DISCUSSION

The Stanford theory has been used to simulate mgmtesis and internal
remodeling in the proximal femur, and the calcuddbene density distributions have
been reported to similar with documented obseruati@eaupre et al. 1990). In the
present study, this theory was applied to oral an{d in order to obtain a deeper
knowledge of the biomechanics of bone around loadguants, and changes in
density and elastic modulus of supporting boneth&sthickness of the cortical bone
frequently changes depending on the site in thecasaty (i.e., the anterior mandible
frequently exhibits a thick cortical plate overlginthe alveolar crest, whereas the
posterior maxilla sometimes lacks cortical bonm)id element models were created
as four different bone support scenarios to sineuthe clinical situation. The axi-
symmetric analysis for the remodeling of the bomeuad oral implants was a
simplified approach for the analysis of a compleanechanical problem. Many
assumptions were involved in such an analysis thieegeometrical simplifications,
material simplifications, and idealized boundarynditions. Although the axi-
symmetric analysis was a simplistic approach fahsoroblems, the remodeling of
the bone was observed and clinically-relevant teswkere achieved in qualitative
sense. Nevertheless, numeric models which do ng# haporo-elastic nature have
limitations in simulating the actual behavior ofieo

While inspecting the results of the analysis, thare some critical aspects that
should be considered. First, the stresses in tliene that are close to the boundaries
were not considered because applied boundary comslitvere simplified versions
of the actual physiologic conditions. For exampies force was applied only on one
node (i. e. concentrated load) on the implant, ltesim very high stresses on
neighboring elements. Saint Venant’s principleegahat “if an actual distribution of
forces is replaced by a statically equivalent systéne distribution of stress and
strain throughout the body is altered only near tbgions of load application”
(Ugural & Fenster, 2003). A second critical poifitoncern is the fact that there was
a remarkable difference in the elastic modulus h&f two materials, namely the
implant (E = 110 GPa) and the bone (1.37 GPa <1#.Z GPa). While displaying

the stresses by contour plots by using MSC.Ment#d52 in order to have a
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continuous plot through the elements edges shayedwb elements with very

different elastic modulus, the stress values aterpolated by using the average
elastic modulus of the two neighboring elementss Tan result in an exaggerated
value of stress especially on the implant boneaserf As the implant has a high
stiffness and the bone has a low stiffness, thdaimipwas isolated from the bone in

displaying the result.

In the present study, it was observed that there avdime-dependent increase in
maximum principle stress and minimum principle s$revalues in the bone,
particularly in models having cortical bone. In #idch, the presence of cortical bone
had a determining effect on stress distributiomsthe presence of cortical bone,
higher stress concentrations were observed at uhetipn of cortical bone and
trabecular bone, whereas in models 3 and 4, a enae distribution of stresses was
observed. This observation is related to the diffiee between the elastic modulus of
the cortical bone and trabecular bone. Anotheiadity-relevant observation is that
the region of high stress region at the neck ofitfy@ant was enlarged between the
osseointegration and three months period. Afterttinee months period, the high
stress region became slightly smaller through tiitd@s could imply that the first
three months of loading is crucial in terms of releng of bone at the implant neck.
For all finite element models, the apposition ohéappeared to be on the regions
near the bone-implant interface and the resorptiotine bone was observed on the
regions far away from the implant. In the real afton, a clinically-distinguishable
resorption has not been reported at a distance &aaythe implant, as an implant is
frequently neighbored by an implant or tooth, whetimulates bone. The time-
dependent presence of cortical bone, as obsergedtfie results, could presumably
favor implant survival and increase interface saffs around the implant neck. In
contrast, implants supported by trabecular bona decreased level of trabecular
bone are more prone to skeletal tissue loss.itté&esting to note that in scenarios
with and without cortical bone support, the fatet#becular bone is the same.
Another important parameter for this analysis todiscussed is the total strain
energy density, as this parameter is somehow ckelatid the remodeling equation.
The total strain energy density distribution représ the regions where there is
resorption and apposition. The regions with higtaltstrain energy density values
are associated with apposition of bone. Likewie, tegions with low total strain
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energy values are associated with resorption obtime. In the present study, strain
energy density was more intense around the neakddels with cortical bone,
which implies that the cortical bone is a determgnfactor in bone apposition. In
contrast, it was observed that, the strain eneensity decreased in the 0-6 month
loading history of models 3 and 4, and then ina@das the following months. In the
present study, it was also observed that the loimgdant displacement values were
observed in model 1, followed by model 2, mode&d the highest displacement
was recorded in model 4. This result implies theg vertical displacement of an
implant is directly related to the amount of catibone (a material with higher

elastic modulus) around its neck.

Overall, the time-dependent increase in maximummmimum principle stress, and
increase in density and elastic modulus of bondyirtifat, the neck of the implant is
a critical zone experiencing high rate of remodglin the first year of function.
Clinical studies partly support this finding (Mohest al. 2001; Astrand et al. 2004),
as an increase in bone mass is observed aroundngilant. Nevertheless, it is
impossible to understand in the "clinical situatiovhether an implant is loaded in
the physiologic milieu or not and therefore, somelants exhibiting time-dependent
increase in bone mass in the unloaded scenariofr@@sén et al.1995) may be
candidates for experiencing a history of "mild dead" (Frost 1994) or overload
(Isidor, 1996) in function. Therefore, an implardving a history of physiologic
loading could possibly exhibit "gain" in bone maasound the implant neck,
especially if cortical bone is present. In the pregsstudy, decrease in density and
elastic modulus of trabecular bone could indicasorption, but it is not known yet
if this could lead to decreased support for ovagycortical bone, microdamage, and
eventual marginal tissue loss in the first yeafuottion. Such parameters need to be

explored in experimental animal studies.
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3.4 THREE DIMENSIONAL ANALYSIS

Three dimensional analysis of the bone implantradgon is a more realistic
modeling of the real bone-implant system as imglame not totally axi-symmetric
and loads applied are not always vertical. In otddnave a better understanding of
the bone-implant interaction, in this part of thisdy, peri-bone remodelling around
dental implants with different macrogeometry wile bnvestigated using three-

dimensional finite element analysis

Two different implant types of Straumann Dental lamp System (Straumann
Institut, Basel, Switzerland) were selected ascemadidates to perform the analysis.
The first one is a standard plus Strauman dentalamt 12 mm with 4.1 mm

diameter (Figure 3.4-1-a) and the second one igu8tann TE (Tapered Effect)
dental implant 12 mm 3.3/4.1 mm diameter (Figuée Bb).
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Figure 3.4-1 Straumann dental implants. (a. Strauman-Standard plus, b.
Straumann-TE (Tapered Effect))

The analysis is carried out to simulate the two therof initial peri-implant bone

healing subsequent to implant placement. In ordesimulate the behavior of the
implant-bone interface following the implant placaw contact between bone and
should be correctly defined. In the following sens a verification of the contact

definition will be discussed in detail.
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3.4.1 MODEL

The first challenge on this point is to have thenptete geometrical specification of
the implants. Due to the fact that, computer aideawing (CAD) data for the
implants cannot be obtained from the manufactuselid models of both of the
implants were constructed from the catalog data landising some high quality
photos.

After construction of the implants the CAD data &eneshed for finite element
analysis purposes by using MSC.Mentat. Althoughaherral elements are always
preferable to achieve better results, the com@dtaeometry of the implants could
not be meshed in detail with hexahedral elemengsa fesult implants were meshed
by tetrahedral elements with 4 nodes (Element #b84)using a finer mesh. Three
dimensional finite element models of the implantsr@presented in Figure 3.4.1-1.

Figure 3.4.1-1 Finite Element Model of the implants(a. Straumann-Standard,
b. Straumann-TE (Tapered Effect))

The cortical bone is selected to be of 1 mm thiskrees 1 mm is the lowest possible
cortical bone thickness for implant implementatioAscylindrical bone structure is
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used to model the bone around the implants. Assutmia actual geometry of the
whole bone does not have an important influencehenresults around the bone-
implant interface by Saint Venant's principle (Ugjur2003), the cylindrical bone
structure is used rather than the full mandiblee Tomplete modeling of the
mandibular bone is time consuming in modeling aminputation time. The

complete finite element models of the two implaants represented on the following

figures. (Figure 3.4.1-2)

cortical

implant

trabecular

Figure 3.4.1-2 Complete 3-D Finite Element Modela( Straumann-Standard, b.
Straumann-TE (Tapered Effect))

While meshing the model, the element length idtte be selected as optimum, so
the implant-bone interface which is the area ofestigation have a finer mesh
compared with the other parts of the model. Usingrfmesh for the whole model
would make the computation time much longer withafiécting the result on the
area of interest. Number of elements for the moaedgpresented in (Table 3.4.1-1.

Table 3.4.1-1 Number of elements

Number of Elements
Implant | Cortical Bone | Trabecular Bone| Total
ITI Standard 8089 2031 28069 38189
ITITE 9771 2168 31583 43522
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3.4.2 BOUNDARY CONDITIONS

The boundary conditions of the model are definetbbbews: The whole model was

fixed in x and y directions on the outer nodesth# bottom and on the side. An
oblique force of 100 N and 30 N with 30° from thertical axis of the implant was

applied on the center node of the implant. 100 Masled for the case of chewing
hard food and 30 N is the optimal condition that patient does not chew anything
hard.

Figure 3.4.2-1: Boundary Conditions (left) AppliedLoad (right)
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3.4.3 RESULTS

The analysis results were examined in five diffetene intervals. One was just after
the implementation; the others were as two, foix, and eight weeks after the
implementation. To simulate two weeks interval refg Beupre (1990), two
iterations were performed. For the other time wdéy four, six and eight weeks
numbers of iterations were four, six and eight eesipely.

The following quantities were analyzed in this gsd:
- maximum principle stress
- minimum principle stress
- total strain energy
- displacements on the bone

As bone is a brittle material the principle stresdues are the most appropriate
candidates to analyze the results. Normally thecafiareas were determined to be

the regions having the absolute maximum valueb@®ptinciple stresses.

In the first part of this section, verification thfe contact model will be done. In the

second part of this section, results of the analydll be represented in detail.
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3.4.3.1 Verification of the Contact Model

The mechanics of contact between the implant ame liaterface is a complicated
problem of biomechanics. The poro-elastic behawiothe bone, special coating on
the implant interfaces are very difficult to modal finite element analysis. A
simplified method to define the contact betweenlanpand bone is proposed by
Rubin (1993). Rubin proposed to use a Coulomb idmetl interface with a
coefficient of friction of 0.3.

Due to the limitation of the code “Remodel” and aaipy of the available computer,

the remodeling process could not be analyzed bgusinon-linear contact analysis.
Although the contact interface should be defined inon-linear manner to have a
realistic solution, in this section it will be showhat the non-linear contact behavior

did not affect the solution considerably.

The two models with Straumann-Standard and Straofiiéhimplants were first
analyzed by using a non-linear contact definitiothwCoulomb friction model
having a coefficient of 0.3. The idea is to use tbatact status of the non-linear
analysis and define a linear model. Nodes of thplants in contact with bone
obtained from the non-linear analysis will be casted to the nodes of the bone. In
contrary, nodes of the implant which were not inteat with bone will be set to free
and would not be connected with bone. The linealysrs with the modified
connection of node between implant and bone wdsdcélinear-contact analysis”
for this study. The results of the two methodsarftact definition will be compared.

Another method of defining implant bone interfacé toe the full connection of the
implant with bone. The results of this method vl also compared with the other
methods.

The first comparison between the results of two e®avas done considering the
deformation behavior. In the following figures thee hundred times exaggerated
deformations for the Straumann-Standard for theigqobél load of 100 N are
represented for the three different methods (Figude3.1-1, 3.4.3.1-2).
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Figure 3.4.3.1-1 Five hundred times exaggerated daefations of the three
methods of contact definition for Straumann-Standad. (top view) (a. Non-
linear Coulomb friction, b. Linear contact, c. Fully integrated implant with
bone)

Figure 3.4.3.1-2 Five hundred times exaggerated daefations of the three
methods of contact definition for Straumann-Standad. (side view) (a. Non-
linear Coulomb friction, b. Linear contact, c. Fully integrated implant with

bone)

Maximum of the total deformations on the bone féra@mann-Standard implant

model is represented in Figure 3.4.3.1-3.
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Figure 3.4.3.1-3 Maximum of total displacement ondne for Straumann-
Standard implant model

On the following figures, five hundred times exagded deformations for the
Straumann-TE for the oblique load of 100 N are espnted for the three different
methods. (Figure 3.4.3.1-4, 3.4.3.1-5)

Figure 3.4.3.1-4 Five hundred times exaggerated daefations of the three
methods of contact definition for Straumann-TE. (t@ view) (a. Non-linear
Coulomb friction, b. Linear contact, c. Fully integated implant with bone)
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Figure 3.4.3.1-5 Five hundred times exaggerated aefnations of the three
methods of contact definition for Straumann-TE. (t@ view) (a. Non-linear
Coulomb friction, b. Linear contact, c. Fully integated implant with bone)

Maximum of the total deformations on the bone foa@mann-TE implant model is

represented in Figure 3.4.3.1-6.
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Figure 3.4.3.1-6 Maximum of total displacement on dne for Straumann-TE
implant model

The first impression from examining the deformatmattern and the maximum of
the displacement in x and y direction, one can kmgcthat, linear contact method is
a much better estimation of the non linear contftnition comparing with the

totally integrated implant bone interface.

One other important result to verify the contactedas selected to be the total strain
energy density. Total strain energy density is mmpadrtant parameter for the
remodeling process while the resorption, appositada is directly proportional with

the total strain energy value. (Equation. 3.1-2)
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Figure 3.4.3.1-7 Straumann-Standard Total Strain Eergy Density ( J/mm®)
(a,d. Non-linear Coulomb friction, b,e. Linear contct, c,f. Fully integrated
implant with bone)
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Figure 3.4.3.1-8 Straumann-Te Total Strain Energy Bnsity ( J/mm°®) (a,d. Non-
linear Coulomb friction, b,e. Linear contact, c,f.Fully integrated implant with
bone)

Similarly with the deformations, linear contactaidetter approximation of the non-
linear contact behavior comparing with the fullyeigrated bone-implant interface.
Although there is small discrepancy between théridigions of the total strain

energy density, linear contact has similar behamiateformation and the total strain
energy distribution is also acceptable. For thé oéshe study the linear contact is

selected to be the contact method.
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The contact situation assumed to be not changitgni& during remodelling, so the
node connectivity of the implant and bone interfatehe beginning with original
material properties is taken for the following aysad always the same. The change
of the contact interface between implant and ban@dglectable as remodelling
process only changes the elastic modulus of threegiés in a limited level so that the

contact interface will remain almost the same dythre remodelling.
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3.4.3.2 Maximum Principle Stresses

Stress level on the bone is one of the importapees of the bone-implant
performance. The micro failure of the bone arouma dental implants causing the
loosening of the implant is one of the most comrfalures of the dental implants.
The maximum principle stresses are especially wapprtant as the bone has worser
tensile performance comparing with compressive goerédnce. Results were

investigated in 15 days intervals.

The region of interest is selected to be the atearevthe maximum principle stresses
exist on the cortical bone. (Figure 3.4.3.2-1) ©ontplots are also plotted from
those regions.
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Figure 3.4.3.2-1 The region of interest for the mamum principle stress
considerations.

For the contour plots of the principle stress maximthe stress scale is selected to
be between 0 to 8 MPa for all different time reswlh cortical bone and 0 to 1 MPa
on trabecular bone to achieve a similar coloredalization. The color scale of the
following figures is so that the light grey repretethe highest stress level. Yellow,
orange, red, blue are the order from the highesssto the lowest. Those dark gray

regions are the regions where we have a maximumeiple stress lower than 0 MPa.
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On the following figures, contour plots of the maxim principle stress are
represented for the Straumann-Standard implant hateeface (Figure 3.4.3.2-2)
and Straumann-TE implant bone interface (Figure33243) under oblique loading

of 100 N on cortical bone.
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Figure 3.4.3.2-2 Contour plots for the maximum prirciple stress (MPa) on
cortical bone for Straumann-Standard under 100 N olque loading. (a. At
osseointegration-unloaded phase; b. At 3 months ddading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Figure 3.4.3.2-3 Contour plots for the maximum priciple stress (MPa) on
cortical bone for Straumann-TE under 100 N oblique loading. (a. At
osseointegration-unloaded phase; b. At 3 months ddading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Contour plots of the maximum principle stress apresented for the Straumann-
Standard implant bone interface (Figure 3.4.3.2#a Straumann-TE implant bone
interface (Figure 3.4.3.2-5) under oblique loaddd.00 N on trabecular bone.
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Figure 3.4.3.2-4 Contour plots for the maximum prirtiple stress (MPa) on

trabecular bone for Straumann-Standard under 100 Noblique loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Figure 3.4.3.2-5 Contour plots for the maximum prirtiple stress (MPa) on
trabecular bone for Straumann-TE under 100 N obliqwe loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Another important parameter is the maximum valuthefmaximum principle stress.
Maximum of the maximum principle stress versus tignaphs for cortical bone

(Figure 3.4.3.2-6) and trabecular bone under 100ading are represented in Figure
3.4.3.2-7.
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Figure 3.4.3.2-6 Maximum of the maximum principle &ess on cortical bone for
Straumann-Standard and Straumann-TE implants versudime under 100 N
loading.
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Figure 3.4.3.2-7 Maximum of the maximum principle gess on trabecular bone
for Straumann-Standard and Straumann-TE implants vesus time under 100 N
loading.
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Results of the maximum principle stress on theoegif interest, under 30 N loading
for Straumann-Standard (Figure 3.4.3.2-8) and &teaan-TE (Figure 3.4.3.2-9) are
represented.
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Figure 3.4.3.2-8 Contour plots for the maximum prirciple stress (MPa) on
cortical bone for Straumann-Standard under 30 N olfjue loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Figure 3.4.3.2-9 Contour plots for the maximum prirciple stress (MPa) on
cortical bone for Straumann-Standard under 30 N olfjue loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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On the following figures, contour plots of the maxim principle stress are
represented for the Straumann-Standard implant bueeface (Figure 3.4.3.2-10)
and Straumann-TE implant bone interface (Figure332411) under oblique loading

of 100 N on trabecular bone.
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Figure 3.4.3.2-10 Contour plots for the maximum pmciple stress (MPa) on
trabecular bone for Straumann-Standard under 30 N blique loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

-~

max

arn
]

PR oo aR
FRaoeE0a

xyl

Y

PR T E DR

-
-
-

Figure 3.4.3.2-11 Contour plots for the maximum pmciple stress (MPa) on
trabecular bone for Straumann-TE under 30 N obliqueloading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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On the following figures, maximum of the maximumngiple stress versus time
graphs for cortical bone (Figure 3.4.3.2-12) amthécular bone under 30 N loading
are represented (Figure 3.4.3.2-13):
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Figure 3.4.3.2-12 Maximum of the maximum principlestress on cortical bone
for Straumann-Standard and Straumann-TE implants vesus time under 30 N
loading.
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Figure 3.4.3.2-13 Maximum of the maximum principlestress on trabecular bone
for Straumann-Standard and Straumann-TE implants vesus time under 30 N
loading.
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3.4.3.3 Minimum Principle Stresses

Minimum principle stress is also important for tkiad of applications as the stress
state is mostly compressive for oblique loadinguch an implant bone arrangement.

For the cortical bone, similarly with the maximumingiple stress, a region of
special interest is selected to visualize the tesialking account of the region of
maximum of the minimum principle stress (Figure.3.3-1).

Figure 3.4.3.3-1 The region of interest for the miimum principle stress
considerations.

While interpreting the figures, special attentiohosld be paid for the color
distribution. The color scale of the following figas is so that the light grey
represents the lowest minimum principle stresslle¥ellow, orange, red, blue are

the order from the lowest stress to the highest.

On the following figures, contour plots of the mmmim principle stress are
represented for the Straumann-Standard implant laeeface (Figure 3.4.3.3-2)
and Straumann-TE implant bone interface (Figure33343) under oblique loading
of 100 N on cortical bone.
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Figure 3.4.3.3-2 Contour plots for the minimum prirciple stress (MPa) on
cortical bone for Straumann-Standard under 100 N olique loading. (a. At
osseointegration-unloaded phase; b. At 3 months tfading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Figure 3.4.3.3-3 Contour plots for the maximum prirciple stress (MPa) on
cortical bone for Straumann-TE under 100 N obliqudoading. (a. At
osseointegration-unloaded phase; b. At 3 months tfading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Results of the minimum principle stress on trab@chbne, under 100 N loading for
Straumann-Standard (Figure 3.4.3.3-4) and Straum&nriFigure 3.4.3.3-5) are
represented.

= i
W N

(-]
i

o
B

g

Figure 3.4.3.3-4 Contour plots for the minimum prirciple stress (MPa) on
trabecular bone for Straumann-Standard under 100 Noblique loading. (a. At
osseointegration-unloaded phase; b. At 3 months tfading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Figure 3.4.3.3-5 Contour plots for the minimum prirciple stress (MPa) on
trabecular bone for Straumann-TE under 100 N obliqe loading. (a. At
osseointegration-unloaded phase; b. At 3 months ¢dading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Another important parameter is the absolute maximeatue of the minimum

principle stress. Absolute maximum of the minimunm@ple stress versus time
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graphs for cortical bone (Figure 3.4.3.3-6) antbécaular bone under 100 N loading
are represented (Figure 3.4.3.3-7).
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Figure 3.4.3.3-6 Absolute maximum of the minimum pnciple stress on cortical
bone for Straumann-Standard and Straumann-TE implarns versus time under
100 N loading.
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Figure 3.4.3.3-7 Absolute maximum of the minimum pnciple stress on
trabecular bone for Straumann-Standard and Straumam-TE implants versus
time under 100 N loading.

84



On the following figures, contour plots of the mmmim principle stress are
represented for the Straumann-Standard implant hateeface (Figure 3.4.3.3-8)
and Straumann-TE implant bone interface (Figure33349) under oblique loading

of 30 N on cortical bone.

Figure 3.4.3.3-8 Contour plots for the minimum prirciple stress (MPa) on
cortical bone for Straumann-Standard under 30 N obfue loading. (a. At
osseointegration-unloaded phase; b. At 3 months tfading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Figure 3.4.3.3-9 Contour plots for the minimum prirciple stress (MPa) on
cortical bone for Straumann-TE under 30 N oblique dading. (a. At
osseointegration-unloaded phase; b. At 3 months ¢dading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Results of the minimum principle stress on trab@chbne, under 100 N loading for
Straumann-Standard (Figure 3.4.3.3-10) and Straosan (Figure 3.4.3.3-11) are
represented.

Figure 3.4.3.3-10 Contour Plots for the minimum pmciple stress (MPa) on
trabecular bone for Straumann-Standard under 30 N blique loading. (a. At
osseointegration-unloaded phase; b. At 3 months tfading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Figure 3.4.3.3-11 Contour Plots for the minimum pmciple stress (MPa) on
trabecular bone for Straumann-TE under 30 N obliqueloading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Absolute maximum of the minimum principle stresssus time graphs for cortical
bone (Figure 3.4.3.3-12) and trabecular bone uB@eX loading are represented in
Figure 3.4.3.3-13.
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Figure 3.4.3.3-12 Absolute maximum of the minimum gpnciple stress on
cortical bone for Straumann-Standard and StraumannTE implants versus time
under 30 N loading.
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Figure 3.4.3.3-13 Absolute maximum of the minimum gpnciple stress on
trabecular bone for Straumann-Standard and Straumam-TE implants versus
time under 30 N loading.
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3.4.3.4 Total Strain Energy Density

Total strain energy density which is somehow relatéth the remodeling equation

(Eq.2.1-5) is a decisive parameter for resorptiot apposition. Total strain energy
density distributions are helpful to decide whehe tbone has resorption and
apposition. The regions with high total strain gyedensity values have apposition
on the bone and the regions with low total straiergy values are the regions where

resorption of the bone is expected.

While representing the contour plots of the totedia energy density, similarly with

principle stress results, where the maximum ofl teit@in energy density appears is
selected to be the region of interest for cortimahe. The region of interest for total
strain energy density is same as the region forrtilmum principle stress. (Figure
3.4.3.3-1)

On the following figures, total strain energy déwnsiesults for the Straumann-
Standard implant (Figure 3.4.3.4-1) and Straumalnriplant (Figure 3.4.3.4-2) on

cortical bone under oblique loading of 100 N apgesented.

Figure 3.4.3.4-1 Contour Plots for the total strainenergy density (J/mm?) on
cortical bone for Straumann-Standard under 100 N obque loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Figure 3.4.3.4-2 Contour Plots for the total strainenergy density (J/mm?) on
cortical bone for Straumann-TE under 100 N obliqudoading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Contour plots of the total strain energy density eepresented for the Straumann-
Standard implant bone interface (Figure 3.4.3.4+8) Straumann-TE implant bone
interface (Figure 3.4.3.4-4) under oblique loadwd 00 N on trabecular bone.
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Figure 3.4.3.4-3 Contour Plots for the total strainenergy density (J/mm?) on

trabecular bone for Straumann-Standard under 100 Noblique loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Figure 3.4.3.4-4 Contour Plots for the total strainenergy density (J/mm?) on
trabecular bone for Straumann-TE under 100 N obliqwe loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Maximum of total strain energy density versus tgnaphs for cortical bone (Figure
3.4.3.4-5) and trabecular bone under 30 N loadiegepresented as follows (Figure
3.4.3.4-6):
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Figure 3.4.3.4-5 Maximum of the total strain energydensity on cortical bone for
Straumann-Standard and Straumann-TE implants versudime under 100 N
loading.
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Figure 3.4.3.4-6 Maximum of the total strain energyensity on trabecular bone
for Straumann-Standard and Straumann-TE implants vesus time under 100 N
loading.
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For the second loading condition with an obliquecéoof 30 N, total strain energy
density results for Straumann-Standard implantyie$.4.3.4-7) and Straumann-TE

implant (Figure 3.4.3.4-8) on cortical bone arerespnted as follows:

Figure 3.4.3.4-7 Contour Plots for the total strainenergy density (J/mm?® on
cortical bone for Straumann-Standard under 30 N obbue loading. (a. At
osseointegration-unloaded phase; b. At 3 months ddading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Figure 3.4.3.4-8 Contour Plots for the total strainenergy density (J/mm?) on
cortical bone for Straumann-TE under 30 N oblique dading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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Results of the total strain energy density on tcala bone, under 30 N loading for
Straumann-Standard (Figure 3.4.3.4-9) and StraumaniiFigure 3.4.3.4-10) are

represented.

Figure 3.4.3.4-9 Contour Plots for the total strainenergy density (J/mm?) on
trabecular bone for Straumann-Standard under 30 N blique loading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)

Figure 3.4.3.4-10 Contour Plots for the total strai energy density (J/mm?) on
trabecular bone for Straumann-TE under 30 N obliqueloading. (a. At
osseointegration-unloaded phase; b. At 3 months tdading; c. At 6 months of
loading; d. At 9 months of loading; e. At 12 month®f loading.)
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On the following figures, maximum of total straineegy density versus time graphs
for cortical bone (Figure 3.4.3.4-11) and trabecudane under 30 N loading are
represented (Figure 3.4.3.4-12).
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Figure 3.4.3.4-11 Maximum of the total strain energ density on cortical bone
for Straumann-Standard and Straumann-TE implants vesus time under 30 N
loading.
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Figure 3.4.3.4-12 Maximum of the total strain energ density on trabecular
bone for Straumann-Standard and Straumann-TE implarns versus time under
30 N loading.
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Two elements in Straumann-Standard implant-borexfexte with the element #643
(Figure 3.4.3.4-13) and #586 (Figure 3.4.3.4-14) selected to verify that, the
elastic modulus of the elements on the region gif hotal strain energy is increased
in time and for the element on the region with Istrain energy value, the elastic

modulus is decreased in time.

Figure 3.4.3.4-13 Element #643 for Straumann-Standa implant-bone interface

Figure 3.4.3.4-14 Element #586 for Straumann-Standa implant-bone interface
Change of elastic modulus in time for those elesé@ntepresented on the following
graphs. (Figure 3.4.3.4-15, Figure 3.4.3.4-16)
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Figure 3.4.3.4-15 Elastic Modulus for Element #648nd Element #586 for 100 N
oblique loading for Straumann-Standard Model.
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Figure 3.4.3.4-16 Elastic Modulus for Element #648nd Element #586 for 30 N
oblique loading for Straumann-Standard Model.

Similarly with Straumann-Standard implant-bone rifstee, element #614 (Figure
3.4.3.5-17) and element #23 (Figure 3.4.3.5-18) swlected for Straumann-TE
implant-bone interface to plot the elastic modwessus time.
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Figure 3.4.3.4-17 Element #614 for Straumann-TE inmpant-bone interface

Figure 3.4.3.4-18 Element #23 for Straumann-TE impint-bone interface
Change of elastic modulus in time for those elesastrepresented in Figure

3.4.3.5-19 and in Figure 3.4.3.5-20)
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Figure 3.4.3.4-19 Elastic Modulus for Element #614nd Element #23 for 100 N
oblique loading for Straumann-TE Model.
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Figure 3.4.3.4-20 Elastic Modulus for Element #614nd Element #23 for 30 N
oblique loading for Straumann-TE Model.
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3.4.3.5 Displacements

Another parameter to be discussed is the maximgplatiement of the bone in time.
Maximum displacement values are helpful to deteentime general stiffness of the
implant-bone system. Displacements in both x amlrgction is investigated as the

force is oblique and has components in both doesti(Figure 3.4.3.5-1)

QN, 100 N
\J

Figure 3.4.3.5-1 Loading Condition
On the following graphs, maximum displacement vslue direction-x (Figure
3.4.3.5-2) and in direction-y (Figure 3.4.3.5-3% aepresented for 100 N oblique

loading.
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Figure 3.4.3.5-2 Maximum displacement on bone in diection versus time
under 100 N oblique loading.
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Figure 3.4.3.5-3 Maximum displacement on bone in girection versus time
under 100 N oblique loading.

For the second loading condition of 30 N, maximumplhcement values in

direction-x (Figure 3.4.3.5-4) and in directioniiqure 3.4.3.5-5) are represented.
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Figure 3.4.3.5-4 Maximum displacement on bone in diection versus time
under 30 N oblique loading.
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Figure 3.4.3.5-5 Maximum displacement on bone in girection versus time
under 30 N oblique loading.
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3.4.4 DISCUSSION

In this study, the effect of the remodeling whishan important parameter in dental
implant design has been simulated using a matheahdtrmulation that is able to
predict this adaptive bone behavior. Not only thmedeling of the bone is simulated
but also the two types of implants are comparedpénformance during the
remodeling process.

The topic is the effect of mechanical stimulus oeriqmplant bone around
immediately loaded dental implant in the early mgplperiod. When immediate
loading of a dental implant is considered, the prwbbecomes more complicated
with regards to implant-bone interface. In immeeilmiading cases, surgically placed
implant is simply in contact with the surroundingnie. Basically, this relationship
can be referred as mechanical when compared tblisked bone-implant interface
which is biological after a certain period of tif@lowing placement. The rationale
of the mechanical stimulation of bone tissue viangdiate loading of a dental
implant is based on the Mechanostat Theory propbaseBrost (1987). Basically,
mechanostat concept is based on the idea that ¢hasts an effective strain, set
point, with a mechanical overload, a response @diur that increases bone mass
and strength. When an implant is stimulated medadiyj loaded immediately,
before establishment of biological integration begw bone and implant under well
defined circumstances, bone apposition upon im@arface is expected. However,
to achieve biological bone to implant contact unaechanical stimulus, there are
fundamental factors to taken into considerationedsence, they can be categorized
as mechanical and biological. Biological factore #iose related to the bone tissue
physiology. Mechanical ones factors may be furth#s grouped as extrinsic and
intrinsic. Extrinsic factors cover the mechanicavieonment that constitutes the
vectorial behavior of applied load. Intrinsic facd@re mostly includes the design of
implant and its associated parts. In this secormtl @iathis study, the effects of
applied load magnitude and the mechanical desigmpemimplant bone around
immediately loaded single dental implant was eualda In this regard, time-
dependent biology of bone without morphologicalgaies is involved in the study

by applying the Stanford Theory proposed by BeaapeCarter (1990).
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Principle stress maximum is the first point of dission. For the first loading
condition of 100 N, although maximum principle ssdlistribution (Figure 3.4.3.2-
2- 3.4.3.2-5) in time does not significantly chamgeime, examining the maximum
value of the maximum principle stresses, one cantlade that the maximum value
of the maximum principle stress increases in tiorecbrtical bone. (Figure 3.4.3.2-
6) In contrary with increasing maximum value of theximum principle stress on
cortical bone, for the trabecular bone, there dearease in maximum value of the
maximum principle stress in time (Figure 3.4.3.247¥an be suggested that, during
remodeling process, cortical bone becomes stiffer stiffer so that cortical bone
carries more and more load in time comparing widbécular bone under 100 N
oblique loading.

For the second loading condition of 30 N by examanthe contour plots (Figure
3.4.3.2-8-3.4.3.2-11) and maximum value of the mmaxn principle stress versus
time graphs (Figure 3.4.3.2-12, Figure 3.4.3.2-IB)an be concluded that the
remodelling process slows down under a lower magdaitof loading. The stress
distribution does not significantly alter in timg kxamining the contour plots and
the maximum value of the maximum principle strasalinost constant in time.
Although maximum of the maximum principle stresstba cortical bone (Figure
3.4.3.2-12) for the model with Straumann-TE implanhigher than the model with
Straumann-Standard implant, for trabecular bonguféi 3.4.3.2-13) maximum of
the maximum principle stress for the model withaBmann-Standard implant is
higher than the model with Straumann-TE implantcdh be concluded that for
Straumann-TE implant cortical bone carries morel loampared with the cortical
bone of Straumann-Standard model. As a matteraf far Straumann-TE implant
model when cortical bone carries more load, tralaedaone carries lower loads and
stress levels on trabecular bone for StraumannsTiBwer than the trabecular bone
for Straumann-Standard model.

The second point of discussion is the minimum ppiecstress. Under 100 N oblique
loading, the absolute maximum value of the minimpninciple stresses increase in
time for cortical bone (Figure 3.4.3.3-6). Not ortflye maximum value of the
minimum principle stress increases in time but alse region of higher stress
becomes larger in time by examining the contoutsplgFigure 3.4.3.3-2, Figure
3.4.3.3-3) For the trabecular bone stress levetedses significantly in the first 15
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days and after 15 days is almost constant. (Figue3.3-7) Comparing results of the
model with Straumann-Standard implant and StraurTdhmmplant, level of stress
on cortical bone of Straumann-TE implant is higtiesn on the cortical bone of
Straumann-Standard. For the trabecular bone jtest thie implementation the stress
level on trabecular bone for Straumann-TE is highean Straumann-Standard
implant model. But after 15 days from implementatgiress level on Straumann-
Standard is slightly higher than the stress lewats Straumann-TE model for
tabecular bone. It can be concluded the Straum&nhm¥iplant-bone interface reacts
more significantly to the remodeling process obérlar bone comparing with ITI-
Standard implant-bone interface. Similarly with rimaxm principle stress results, for
30 N loading, the remodeling process slows down.

The next point of discussion is the total strairergy density results. From the
contour plots (Figure 3.4.3.4-1, Figure 3.4.3.4&)d examining the graphs of
maximum of the total strain energy density (FigGré.3.4-5) in time for cortical
bone, it can be concluded that the level of totediis energy density increases in
time and the region of higher total strain energgdmes larger for cortical bone for
two of the implant models under 100 N of loadingr fEhe trabecular bone from
contour plots (Figure 3.4.3.4-3, Figure 3.4.3.44J from the maximum value of the
total strain energy density graphs in time (Fig8ré.3.4-6), it is observed that the
level of total strain energy density decreasesinmmet For the second loading
condition of 30 N, similarly with the other resyltie change in time for the results
is smaller comparing with 100 N loading.

In parallel with total strain energy density, thdividual elastic modulus versus time
graphs of some selected elements are also repedsé€higure 3.4.3.5-15-3.4.3.5-16
and Figure 3.4.3.5-19-3.4.3.5-20). From those tgestilcan be concluded that the
formulation of the remodeling works well as elastiodulus of the elements form
the region of higher total strain energy level @ases in time and the elastic modulus
of the elements from the lower level of total stranergy decreases in time.

The last point of discussion is the maximum val@ighe displacements. For the
loading condition of 100 N, the stiffness of theecadl model in x-direction increases
in time as the displacements in x-direction de@sas time. For the displacement in
y-direction, it can be concluded that the stiffnesshe overall model in y-direction
does not vary significantly in time as the displtaeat values in y-direction changes
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slightly in time. For the 30 N loading, the disgatent values both in x and y
direction does not change significantly and it é@nconcluded that the stiffness of
the overall bone does not vary in time.

The Stanford theory of remodeling provides goodhesdion of the real remodeling
process for the area of orthopedics. The limitatidrihis theory is that, it is not
validated for dental implant-bone interaction. TWadidation of the mathematical
remodeling theory for the dental implants can be ofthe next research points.
Another point that can be improved for the simolatof remodeling is to have a
mathematical model that can delete or add someeslesnon the bone. So that, the
density of the bone can be changed in time (elastidulus) but this mathematical
modeling can not simulate the real remodeling gsaehere in some portions of the
bone, the bone is totally removed or new bone siracis formed. One of the
possible future works in this area is to have aheraiatical formulation in which the
elements of the bone can also be deleted, or to edelshent where we have

apposition.
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CHAPTER 4

CONCLUSION

Within the limitations of this study it may be cduded;

After the implementation of the implant, the remiotg process can be
observed, and the results are reasonable.

The apposition of the bone is achieved where tta $train energy density is
higher and resorption is observed where the totigy density is lower.
Bone response differently in remodeling for the tingplant design under
immediate loading of 100 N.

For the loading of 100 N, on the trabecular bohe,rmodel with Straumann-
TE implant reacts more than the Straumann-Standawalant for the
remodeling process.

The loading of oblique loading of 100 N has a lewétltotal strain energy
density where the overall stiffness of the boneaases in time (especially in
x-direction). (where a general apposition of thaedtakes place.)

The loading of oblique loading of 30 N has a lewéltotal strain energy
density where the overall stiffness of bone is attonstant. (where a lazy-
zone of the bone takes place.)

For the higher loading of 100 N, the cortical badopts itself so that it
carries a higher portion of the load.

The Straumann-TE implant has higher stress levalxartical bone than
Straumann-Standard and for the trabecular boneu@tman-Standard has

higher stress levels comparing with Straumann-Stahd
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APPENDICES

A. GLOSSARY

Abutment:The tooth or teeth that support a fixed or remdéevdbidge. It can be used
between an implant and the crown.

Adolescent: The period of psychological, social, and physitahsition between
childhood and adulthood.

Apex of implants The tip of implants

Atrophy: Thepartial or complete wasting away of a part of thdyp
Bone Adaptation/Remodeling/Morphogenedisie phenomenon in which human or

animal bones slowly add or lose mass and alterr thegim in response to
modifications from normal mechanical stimulus coioahs.

Bone AppositionBone formation

Bone ResorptionBone loss

Bruxing: The gnashing, grinding, or clenching of teeth.

Cancellous/Trabecular/Spongy Bot@gancellous bone (also known as trabecular, or

spongy) is a type of osseous tissue with a low ideasid strength but very high
surface area, that fills the inner cavity of lorgnbs.

Collagen:the main protein of connective tissue in animald the most abundant
protein in mammals, making up about 25% of thel f@tatein content.
Cortical/Crestal BoneCortical bone is dense and forms the surface afebo

contributing 80% of the weight of a human skeletibiis extremely hard, formed of
multiple stacked layers with few gaps.

Endosseous implanfhe types of the implants which are actually pacea hole

drilled in the bone and are then allowed to integra

HomeostasisHomeostasis is that property of either an openegsysor a closed
system, especially a living organism, which regegaits internal environment so as
to maintain a stable, constant condition

Implant: An implant is a medical device made to replace aotlas a missing
biological structure (as compared with a transplavitich indicates transplanted
biomedical tissue).
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In-vitro: The technique of performing a given experimerd test tube, or, generally,
in a controlled environment outside a living orgami

In-vivo: The experimentation done in or on the living tiseafea whole, living
organism as opposed to a partial or dead one

Mandible The mandible (from Latin mandila, "jawbone") or inferior maxillary
bone is, together with the maxilla, the largest sindngest bone of the face. It forms
the lower jaw and holds the lower teeth in place.

Mastication: The process of chewing food in preparation for IBmang and
digestion.

Medullar: The inner core of certain organs or body strusture

Morphology:A study of the configuration or the structure nimaals and plants.
OsseointegrationThe direct structural and functional connectioriwlaen living

bone and the surface of a load-bearing artificrgdlant, typically made of titanium
Ossification: The process of bone formation, in which connectigsues, such as
cartilage are turned to bone or bone-like tissue

OsteoblastsA mononucleate cell that is responsible for barenition.
OsteoclastsA type of bone cell that removes bone tissue byoreng the bone's
mineralized matrix.

Premolar Teeth:The premolar teeth or bicuspids are transitioredtht located

between the canine and molar teeth
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